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Grid-connected  inverters  are  key  components  of  distributed  generation  systems  (DGSs)  and  micro-grids 
(MGs),  because  they  are  effective  interfaces  for  renewable  and  sustainable  distributed  energy  resources 
(DERs).  Recently,  multi-functional  grid-connected  inverters  (MFGCIs)  have  attracted  more  and  more 
attention  for  their  benefits  on  auxiliary  services  on  power  quality  enhancement  in  DGSs  and  MGs.  These 
kinds  of  converters  can  not  only  achieve  the  power  generation  of  DERs,  but  also  can  perform  as  power 
quality  conditioners  at  their  grid-connected  points.  It  should  be  noted  that  these  functionalities  are 
optimally  organized  in  the  same  device,  which  can  significantly  enhance  the  cost-effective  feature  of  the 
grid-connected  inverter,  as  well  as  can  decrease  the  investment  and  bulk  compared  with  multiple 
devices  with  independent  functionalities.  MFGCIs  are  especially  suitable  for  DGSs  and  MGs  application 
due  to  their  good  performances  and  benefits.  Topologies  and  control  strategies  of  MFGCIs  are 
comprehensively  reviewed  in  this  paper.  Additionally,  detailed  explanation,  comparison,  and  discussion 
on  MFGCIs  are  achieved.  Furthermore,  some  future  research  fields  on  MFGCIs  are  well  summarized. 

©  2013  Elsevier  Ltd.  All  rights  reserved. 
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1.  Introduction 

Several  blackouts  caused  by  chain  failures  [1],  as  well  as  the 
electric  grid  splits  because  of  the  extreme  weather  [2,3]  threaten 
the  security  and  stability  of  traditional  electric  power  systems. 
In  addition,  the  continuous  consumption  of  fossil  fuels  is  leading  to 
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energy  crisis  and  increasing  environmental  pollution  problems. 
Therefore,  the  “green”  and  “low  carbon”  power  becomes  the  urgent 
need  of  traditional  electric  power  systems  [4,5].  Facing  to  these 
issues,  distributed  generation  systems  (DGSs)  gradually  return  to 
the  stage  [6-8].  Numerous  studies  show  that  DGSs  can  not  only 
connect  renewable  energy  sources  (RESs),  such  as  wind,  solar  and 
so  on,  to  utility  grid,  but  also  can  improve  the  stability  of  traditional 
electric  power  systems  in  some  sense.  In  order  to  make  better  use  of 
RESs,  micro-grids  (MGs)  considered  as  special  DGSs  have  been 
widely  discussed  and  demonstrated,  and  are  given  great  expecta¬ 
tions.  A  micro-grid  is  a  local  power  supply  system,  which  integrates 
RESs,  energy  storage  devices,  local  loads,  communication  devices, 
protection  units,  and  the  control  center  [9-14].  Recently,  DGSs  and 
MGs  are  very  active  and  encouraging  research  fields. 
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In  DGSs  and  MGs,  the  grid-connected  inverters  (GCIs)  are 
essential  interfaces  to  connect  RESs  and  energy  storage  devices 
to  utility  grid  [15,16].  To  reduce  the  investment,  operation  and 
maintenance  cost,  man-hour,  as  well  as  the  bulk,  and  enhance  the 
cost-effective  feature  of  the  GCIs  in  DGSs  and  MGs,  the  multi¬ 
functional  grid-connected  inverters  (MFGCIs)  are  proposed  in 
[17-26].  The  so-called  MFGCIs  can  connect  RESs  and  storage 
devices  to  utility  grid,  and  simultaneously  enhance  the  power 
quality  at  their  points  of  common  coupling  (PCCs).  Compared  with 
the  multiple  devices  with  different  functionalities,  the  MFGCIs  can 
greatly  save  capital  investment  and  system  space,  because  the 
different  functionalities  of  multiple  devices  are  integrated  in  the 
same  equipment.  So  MFGCIs  are  good  choices  for  DGSs  and  MGs 
application  and  are  paid  common  attention. 

In  this  paper,  a  comprehensive  review  on  the  topologies  and 
control  strategies  of  MFGCIs  is  achieved.  Meanwhile,  from  the 
views  of  single-phase  and  three-phase  utility  grid,  detailed  expla¬ 
nation,  comparison,  and  discussion  of  the  MFGCIs  are  summarized. 
Besides,  some  future  frameworks  on  MFGCIs  are  presented. 
The  paper  is  organized  as  follows.  In  Section  2,  some  important 
outlines  on  GCIs  are  briefly  introduced.  The  power  quality  of  DGSs 
and  MGs,  as  well  as  some  possible  response  strategies  to  enhance 
the  power  quality  are  described  in  Section  3.  In  Sections  4  and  5, 
the  available  topologies  and  control  strategies  of  MFGCIs  are 
comprehensively  reviewed  for  single-phase  and  three-phase  uti¬ 
lity  application,  respectively.  A  detailed  analysis  and  comparison  of 
the  available  MFGCIs  are  investigated  in  Section  6.  In  addition, 
some  interesting  research  points  are  presented.  Some  conclusions 
are  drawn  in  Section  7. 


2.  Some  outlines  on  grid-connected  inverters 

MFGCIs  are  special  GCIs,  so  a  brief  introduce  on  conventional 
GCIs  is  quite  necessary  [27-29].  GCIs  are  key  components  in  DGSs 
and  MGs,  and  act  as  effective  interfaces  to  connect  distributed 
RESs  or  micro-sources,  such  as  photovoltaic  (PV)  arrays,  wind 
turbines  (WTs),  micro-gas  turbines,  energy  storage  devices  and  so 
on,  to  utility  grid,  as  shown  in  Fig.  1.  It  is  worth  nothing  to  note 
that  the  high  efficiency  and  low  cost  are  two  important  issues  of 
GCIs.  In  general,  GCIs  can  be  classified  as  single-stage  and 
multiple-stage.  Because  the  more  stages  reduce  the  efficiency  of 
a  GCI  much  more,  a  multiple-stage  GCI  mainly  has  two  stages. 
A  typical  two-stage  GCI  is  comprised  of  a  DC/DC  stage  and  a  DC/AC 
stage,  as  depicted  in  Fig.  1.  The  DC/DC  stage  is  usually  used  to 


realize  maximum  power  point  tracking  (MPPT)  for  WT  or  PV 
applications,  or  bidirectional  power  flow  control  for  energy  storage 
application  [30-32];  whereas,  the  DC/AC  stage  is  used  to  control 
the  power  and  current  injected  into  utility  grid.  Accordingly,  a 
single-stage  GCI  just  has  the  DC/AC  stage,  which  must  complete  all 
the  functionalities  of  a  two-stage  one  had.  However,  a  single-stage 
GCI  uses  few  electronic  components,  and  has  smaller  bulk,  higher 
efficiency,  lower  cost,  as  well  as  higher  reliability,  compared  with  a 
two-stage  one.  On  the  contrary,  a  two-stage  GCI  has  a  simpler 
control  algorithm  since  different  functionalities  are  separated  in 
two  independent  stages.  Besides,  the  low  dc  voltage  of  the  micro¬ 
source  can  be  flexibly  boosted  by  the  DC/DC  stage  to  meet  the 
requirement  of  the  DC/AC  stage,  which  is  another  advantage  of  a 
two-stage  GCI  compared  with  a  single-stage  one. 

Single-stage  and  two-stage  GCIs  have  advantages  and  disad¬ 
vantages  of  each  other,  so  it  is  hard  to  say  which  ones  are  better. 
They  are  all  implemented  in  different  suitable  occasions.  Gener¬ 
ally,  small-capacity-scale  grid-connected  systems  are  more  like  to 
use  two-stage  GCIs  due  to  their  flexible  feature;  however,  big- 
capacity-scale  systems  mainly  use  single-stage  GCIs  for  their  high 
efficiency  and  reliability.  Some  engineering  examples  are  illustrated 
as  follows: 

1.  For  PV  application,  as  demonstrated  in  Fig.  2,  the  two-stage 
GCIs  are  mainly  employed  in  single-phase  utility  grid  and  their 
capacities  are  usual  small;  however,  the  single-stage  GCIs  are 
mainly  utilized  in  three-phase  utility  and  their  capacities  are 
relatively  bigger. 

2.  For  WT  application,  the  grid  side  converter  of  doubly  fed 
induction  generator  (DFIG)  can  be  regarded  as  a  single-stage 
GCI,  as  indicated  in  Fig.  3.  However,  for  small-capacity-scale 
direct-driven  permanent  magnet  synchronous  generators 
(PMSG)  WT  application,  the  two-stage  GCI  configuration  shown 


Wind 
T  urbines 


Photovoltaic 

Arrays 


Micro-Gas 

Turbines 


A 


Super  Capacitors  Batteries 

■  Energy  Storage  Devices^ 


I 


/ 

/WVA 

y  ^ 

W\ 

< 

1 

< 

T 

1 


4 


-0 


Utility 

Grid 


I  DC/DC  Stage  DC/AC  Stage 

I 

I  Micro-Sources 


Fig.  1.  Typical  configuration  of  a  grid-connected  system  with  micro-sources. 


Fig.  2.  Configuration  of  different  PV  application  circumstances,  (a)  Two-stage  structure  and  (b)  single-stage  structure. 
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Fig.  4.  Generation  systems  of  direct-driven  PMSG.  (a)  Two-stage  structure  and  (b)  single-stage  structure. 


in  Fig.  4(a)  is  a  good  choice  as  well.  The  DC/DC  stage  is  fed  by 
the  diode  rectifier  and  tracks  the  maximum  power  point  of  the 
WT,  while  the  DC/AC  stage  connects  to  utility.  However,  for  a 
large-capacity-scale  PMSG  WT  system,  the  single-stage  GCI  is 
the  best  choice,  as  exhibited  in  Fig.  4(b). 

3.  For  energy  storage  application,  the  single-stage  and  two-stage 
GCIs  are  also  suitable  for  different  circumstances,  as  displayed 
in  Fig.  5.  The  energy  storage  cells  with  high  enough  dc  voltage 
can  be  directly  fed  by  a  single-stage  PWM  converter.  Otherwise, 
a  DC/DC  stage  with  step-up  feature  is  necessary  to  match  the 
output  voltage  of  cells  and  the  input  voltage  of  the  DC/AC  stage. 

According  to  previously  mentioned  topologies  of  GCIs  for  RESs 
application,  it  can  be  seen  that  either  two-stage  or  single-stage  GCI 
has  a  DC/AC  stage.  The  DC/AC  stage  is  the  absolutely  indispensable 
part  of  a  GCI  to  convert  the  dc  energy  of  RESs  into  the  ac  energy 
and  interface  into  utility.  In  this  paper,  as  shown  in  the  following 
parts,  the  common  DC/AC  stages  of  the  GCIs  are  focused,  and  it  is 
found  that  the  DC/AC  stages  of  GCIs  can  be  carried  out  some 
advanced  and  auxiliary  functionalities  to  enhance  the  power 
quality  at  their  PCCs. 

3.  Power  quality  of  distributed  generation  systems  and  micro¬ 
grids 

Due  to  the  numerous  power  electronic  devices,  nonlinear, 
unbalance  and  reactive  local  loads,  the  power  quality  at  the  PCCs 
of  DGSs  and  MGs  maybe  rather  bad  [33-37].  However,  the  power 
quality  of  DGSs  and  MGs  is  very  important  issue  for  the  stable  and 
economical  operation  of  GCIs.  On  one  hand,  price  of  the  electricity 
sold  to  utility  will  be  determined  by  its  quality  in  a  competitive 
electricity  market  in  the  near  future.  So  the  power  quality  of  DGSs 
and  MGs  will  directly  relate  to  the  price  of  sold  electricity,  and 
affect  their  economic  benefits  [38-40].  On  the  other  hand,  the 
power  quality  at  PCC  will  seriously  influence  the  stability  of  GCIs 
[41-43].  Because  the  GCIs  are  mainly  connected  to  the  secondary 
side  of  the  transformers,  the  nonlinear  loads  will  cause  the 
distortion  of  PCC  voltage.  This  distorted  voltage  will  directly 
worsen  the  voltage  and  current  control  loops  of  a  GCI,  and  lead 
to  distortion  of  its  grid-connected  current.  In  some  severe  cases,  it 
even  leads  to  the  unplanned  trip  off  of  the  GCI.  Besides,  from  the 
electric  power  system  point  of  view,  poor  power  quality  may  result 
in  additional  loss  and  overheat  of  power  equipment,  boring  noises  as 
well  torque  oscillations  of  electric  machines,  the  faults  of  sensitive 
loads,  and  the  interference  of  communication  network  [44]. 

Available  researches  on  the  power  quality  of  DGSs  and  MGs 
mainly  focus  on  the  comprehensive  assessment  of  power  quality, 
advanced  control  strategies  of  GCIs  in  non-ideal  voltage  condi¬ 
tions,  and  power  quality  management.  Literature  [33]  has  ana¬ 
lyzed  the  sources  of  power  quality  problem  in  MGs,  and  has 
exploited  this  new  research  field.  In  [35,36]  the  resonance  phe¬ 
nomenon  in  a  PV  plant  has  been  studied  to  explain  the  undesired 
trip  off  of  GCIs,  which  shows  the  significant  necessary  of  power 
quality  enhancement  in  DGSs  and  MGs.  In  comprehensive  power 
quality  assessment  field,  literature  [39]  gives  some  useful 
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Fig.  5.  Grid-connected  system  of  energy  storage  device. 

approaches  to  form  a  quantitative  comprehensive  indicator  including 
many  different  power  quality  indicators.  Unfortunately,  the  compre¬ 
hensive  assessment  can  just  provide  a  judgment  of  the  existing 
power  quality,  which  may  be  used  as  a  reference  for  DGSs  and  MGs 
to  manage  their  power  quality.  However,  the  bad  power  quality  will 
not  be  enhanced  if  there  has  no  effective  response  to  be  taken.  Facing 
to  the  bad  power  quality  of  DGSs  and  MGs,  there  are  two  response 
strategies,  in  general.  One  strategy  is  effective  ride-through 
approaches  of  GCIs  to  adapt  the  poor  power  quality  [41-43]. 
Literature  [41]  has  studied  the  operation  strategy  of  GCIs  in  unba¬ 
lance  and  distorted  voltage  conditions  to  enhance  the  quality  of  grid- 
connected  current.  Obviously,  this  is  a  passive  response  strategy, 
which  cannot  fundamentally  change  the  existing  bad  power  quality 
of  DGSs  and  MGs.  Another  strategy  is  employing  active  and/or 
passive  power  quality  conditioners  to  manage  the  bad  power  quality 
of  DGSs  and  MGs.  Among  them,  harmonic  filters  and  capacitors 
are  typical  passive  ones,  which  are  good  choices  due  to  their 
advantages  of  low  cost  and  easy  maintenance.  However,  the  active 
power  quality  conditioners,  such  as  active  power  filter  (APF)  [45-48], 
dynamic  voltage  regulator  (DVR)  [49-51],  power  factor  correction 
(PFC)  [52,53],  unified  power  quality  conditioner  (UPQC)  and  so  on 
[54,55],  gain  more  and  more  applications  because  of  their  good 
performance  and  flexibility.  It  is  worth  nothing  to  note  that  all  these 
power  quality  conditioners  will  cause  new  extra  capital  investment  in 
a  DGS  or  MG,  and  need  additional  space,  maintenance  cost,  and  man¬ 
hours;  besides,  they  also  may  decrease  the  stability  and  reliability  of 
the  DGS  or  MG. 

Fortunately,  active  power  quality  conditioners  have  the  same 
essential  DC/AC  stage  of  GCIs,  as  shown  in  Fig.  6  and  mentioned 
before,  thus  these  DC/AC  stages  can  be  multiplexed  [47-55]. 
Therefore,  there  just  a  little  modification  in  software  is  needed 
to  change  the  conventional  GCIs  into  MFGCIs,  in  such  a  way  that 
the  DC/AC  stage  of  a  GCI  can  be  utilized  to  realize  the  function¬ 
alities  of  the  GCI  and  the  power  quality  conditioners,  as  well  as, 
can  greatly  reduce  the  cost  and  bulk,  and  increase  the  cost- 
effective  features  of  the  system,  compared  with  multiple  devices 
with  different  individually  independent  functionalities. 


4.  Multi-functional  grid-connected  inverters  in  single-phase 
system 

MFGCI  topologies  in  single-phase  system  usually  have  small 
capacities  and  aim  to  small-scale  RESs  application.  Available 
MFGCIs  in  single-phase  are  mainly  employed  for  PV  application, 
and  attach  APF  and/or  DVR  functionalities. 

A  kind  of  MFGCI  configuration  using  single-phase  full-bridge 
topology  is  given  in  [56-58],  as  illustrated  in  Fig.  7,  whose 
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Table  1 

Parameters  of  the  typical  single-phase  full-bridge  MFGCI. 


Dc  source 

PV  array,  the  voltage  of  dc-link  is  Vpv=250  V 

Capacity 

<1.5  kVA 

Utility  voltage 

110  V/60  Hz 

Switching  frequency 

20  kHz 

Passive  components 

Lf=  2  mH,  Cf=  880  pF,  Cdc= 940  pF,  Ls= 5  mH 

Power  electronic  devices 

IGBT  (Toshiba:  GT15Q101,  1200  V/15  A) 

Control  strategy 

PI  control,  SPWM  modulation 

Extra  functions 

APF,  RPI 

important  system  parameters  are  listed  in  Table  1.  The  whole 
system  consists  of  PV  array,  dc  filter,  dc  switch  SWi,  buffer 
capacitor  Cdc,  single-phase  full-bridge  converter,  filter  inductor  Ls, 
utility,  local  load,  load  switch  SW2 ,  and  the  controller. 

This  configuration  can  act  as  the  interface  of  PV  and  APF  at  the 
same  time.  According  to  the  reference  directions  of  current  in 
Fig.  7,  either  the  utility  or  the  GCI  can  supplies  the  load  after  load 
switch  SW2  is  closed.  If  the  capacity  of  load  is  small,  the  surplus 
power  of  PV,  after  supplied  to  load,  will  feed  to  utility.  On  the 
contrary,  if  the  capacity  of  load  is  so  large  that  the  PV  can  just 
supply  part  power  to  it,  the  rest  power  of  load  will  be  provided  by 
utility.  Note  that  if  the  local  load  is  a  rectifier  or  other  nonlinear 
load,  the  output  current  of  the  GCI  can  be  regulated  by  the 
controller,  which  can  compensate  the  harmonic  components  of 
load  current.  Therefore,  the  grid-connected  current  is  will  be 
ensured  as  the  pure  active  current  component.  This  condition  is 
named  as  real  power  injection  (RPI)  operation  mode.  Visibly,  the 
GCI  also  can  act  as  an  APF. 

According  to  the  topology  in  Fig.  7,  literature  [56]  gives  the 
control  strategy  as  indicated  in  Fig.  8.  This  MFGCI  has  two 
operation  modes,  namely,  maximum  generation  power  tracking 
and  APF.  The  reference  voltage  of  dc-link  vc,ref  is  set  according  to 
the  operation  mode  to  satisfy  the  requirement  of  APF  functionality 
in  APF  mode;  however,  the  vre/is  directly  determined  by  MPPT  in 
maximum  generation  mode.  Note  that,  Gvf  is  the  filter  of  feedback 
loop.  The  output  of  dc  voltage  regulator  Gvci  forms  the  amplitude 
of  the  reference  current  Jm,  which  multiplies  the  unit-quantity 
synchronous  signal  of  the  utility  voltage  vs  to  form  the  instanta¬ 
neous  reference  current  is>re/.  The  reference  current  summing  the 
load  current  iL  yields  the  output  current  reference  iojef  of  the 
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Fig.  9.  Control  strategy  of  the  MFGCI  configuration  in  [57]. 


Table  2 

Parameters  of  the  single-phase  full-bridge  MFGCI  presented  by  Wu  et  al. 


Dc  source 

Capacity 

Utility  voltage 

Passive 

components 

Switching 

frequency 

Control 

strategy 

Extra  functions 


PV  array  (SOLAREX  MAGA  SX-60) 

1  kW 

110V/60  Hz 

Ls = 5  mH,  Cs= 5  pF,  C/=0.1  pF,  Lr=  1.7  mH,  Cr=5.6  nF, 
Cdc=470  pF,  C1  =  C2  =  470  pF 
19.45  kHz 

PI  control,  SPWM 

APF,  PFC 


MFGCI.  This  reference  current  and  the  feedback  current  iG,  asso¬ 
ciated  with  the  current  regulator  Gcc,  the  fed-forward  controller 
Gvs,  the  feed-forward  controller  Gfd>  and  the  compensation  con¬ 
troller  Gchl  form  the  modulation  signal  vcon.  With  the  help  of 
sinusoidal  pulse  width  modulation  (SPWM)  coefficient  I<PWm,  the 
trigger  pulses  of  insulated  gate  bipolar  transistors  (IGBTs)  Si-S4 
can  be  obtained. 

Facing  to  the  single-phase  full-bridge  topology  as  shown  in 
Fig.  7,  literature  [57]  also  gives  a  control  strategy,  whose  config¬ 
uration  is  depicted  in  Fig.  9.  In  this  strategy,  there  are  two 
operation  modes  as  well,  namely,  maximum  power  generation 
tracking  and  APF.  In  daytime,  the  MFGCI  acts  as  a  solar  generator 
and  track  the  maximum  power  generation  to  convert  solar 
irradiation  energy  to  electric  energy.  In  day  night,  because  the 
solar  irradiation  is  zero,  the  MFGCI  acts  as  an  APF  to  improve  the 
power  quality  at  PCC.  As  demonstrated  in  Fig.  9,  the  control 
strategy  mainly  consists  of  a  self-learning  unit,  an  inverter- 
current  estimator,  a  load  current  analyzer,  a  utility-current- 
command  calculator,  a  MPPT  controller,  and  a  dc-bus  controller. 
Where,  the  MPPT  controller  takes  disturbance  and  observation 
(D&O)  approach  [59-61],  since  it  is  simple  and  easy  to  implement 
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on  a  digital  signal  processor  (DSP)  control  board.  By  the  means  of 
self-learning  unit,  the  pseudo-linear  inductance  L\iest{t)  can  be 
estimated,  then  the  inverter-current  i0<est  can  be  formed  by  the 
current  estimator.  Therefore,  the  current  senor  for  inverter  current 
can  be  cancelled.  Furthermore,  due  to  the  sampled  utility  current 
is,  the  load  current  iUest  can  be  obtained.  Besides,  the  extended 
instantaneous  power  theory  is  used  to  calculate  the  total  power  of 
the  load  Pioad,  as  well  as  the  reactive  and  harmonic  current,  iLq,est 
and  iLh,est ,  respectively.  Notation  that  reactive  and  harmonic 
current  limiters  are  employed  to  prevent  the  total  reference 


Bus  Filter  Multi-function  Inverter 


output  current  of  the  MFGCI  exceeding  its  rated  one,  which  can 
generate  two  compensation  coefficients,  namely  I<qc  and  I<hpWc •  In 
order  to  control  the  voltage  of  dc-bus,  the  reference  active  power 
Pc  can  be  formed  by  voltage  deviation  regulator  A P  or  MPPT 
controller  PMppt  in  APF  or  MPPT  modes,  respectively.  Then,  the  Pc 
subtracting  load  power  Pioad  yields  the  reference  grid-connected 
power.  And  it  multiplies  the  unit-amplitude-voltage  synchronous 
signal  iu,  which  yields  the  active  part  of  the  reference  current.  To 
achieve  harmonic  and  reactive  current  compensation  of  the 
MFGCI,  it  is  important  to  analyze  the  estimated  harmonic  and 
reactive  current,  iLht6St  and  iLq,est-  It  should  be  noted  that  the  rated 
apparent  power  of  the  MFGCI  is  the  limited.  So  the  total  apparent 
power  of  extra  compensation  power  and  the  conventional  active 
power  for  RPI  may  exceed  the  rated  apparent  capacity  of  the 
MFGCI.  The  simplest  approach  to  solve  this  issue  is  to  limit  the 
amplitude  of  the  compensation  current.  In  Fig.  9,  coefficients  1 
-Khpwc  and  1  -I<qc  are  employed  to  yield  the  limited  harmonic  and 
reactive  compensation  reference  current.  The  synthetic  reference 
current  is<ref  and  grid-connected  current  is  are  utilized  in  the 
current  regulator  Gcc  to  generate  the  trigger  pulses  of  IGBTs 
Si-S4  by  SPWM  modulation. 

Wu  et  al.  have  also  described  a  MFGCI  configuration  for  street 
lighting  application  as  introduced  in  Fig.  10,  whose  parameters  are 
described  in  Table  2  [62].  At  daytime,  the  PV  array  is  interfaced  to 
utility  by  the  MFGCI.  At  night,  the  lamps  attached  at  the  dc-link 
can  be  fed  by  utility  and  the  MFGCI  acts  as  an  APF  to  compensate 
the  harmonic  and  reactive  current.  To  decrease  the  cost,  the  whole 


Fig.  11.  Schematic  control  diagram  of  the  MFGCI  presented  by  Wu  et  al.  (a)  Control  principle  under  grid-connected  mode  and  (b)  control  principle  under  islanded  mode. 


Fig.  12.  Configuration  of  the  MFGCI  investigated  by  Sladic  et  al. 
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system  is  controlled  by  a  micro-computer  unit  (MCU)  Intel 
80C196MC. 

It  should  be  noted  that  the  MFGCI  can  work  in  grid-connected 
and  islanded  modes  at  daytime.  The  control  schematic  diagram  of 
the  MFGCI  in  two  different  modes  is  given  in  Fig.  11(a)  and  (b). 
Under  grid-connected  mode,  the  MFGCI  supplies  the  solar  energy 
to  local  load  firstly,  and  the  load  can  absorb  the  rest  power  from 
utility;  of  cause,  the  surplus  power  of  PV  can  be  fed  to  utility 
as  well.  Therefore,  the  main  mission  of  the  controller  in 
grid-connected  mode  is  to  control  the  current  of  the  MFGCI  and 
interface  the  solar  energy  to  utility  as  much  as  possible,  as  shown 
in  Fig.  11(a).  It  can  be  found  that  a  feed-forward  controller  Gr/and  a 
PI  controller  Gcc  are  employed  to  achieve  the  performance  of  the 
system,  where  I<fc  is  the  feedback  gain.  On  the  other  hand,  the 
MFGCI  can  also  act  as  an  uninterrupted  power  source  (UPS)  in 
islanded  mode  to  feed  the  local  load  when  the  utility  is  fault. 
As  indicated  in  Fig.  11(b),  the  controller  ensures  the  MFGCI  to  be  a 
voltage-controlled  source  in  such  condition. 


Table  3 

Parameters  of  the  MFGCI  presented  by  Sladic  et  al. 


Dc  source 

Voltage  of  PV  array  150-500  V 

Passive  components 

=  8  mH,  L2  =  l  mH,  L3  =  l  mH,  Ci  =  10  pF,  C2  =  2  mF 

Switching  frequency 

15  kHz 

Control  strategy 

Hysteresis  modulation 

Extra  functions 

APF 

Fig.  13.  MFGCI  configuration  presented  by  Calleja  and  Jimenez. 


Sladic  et  al.  have  investigated  a  MFGCI  configuration  as  depicted 
in  Fig.  12,  whose  parameters  are  presented  in  Table  3  [63].  Unlike  a 
conventional  GCI,  a  novel  variable  voltage  converter  is  embedded  in 
the  dc  side  to  adapt  large  dc  voltage  range  of  PV  arrays  [64].  Besides, 
an  analog  controller  is  implemented  to  generate  the  trigger  pulses 
of  IGBTs. 

Calleja  and  Jimenez  also  give  a  MFGCI  configuration  as  shown 
in  Fig.  13,  whose  parameters  is  described  in  Table  4  [65].  Fig.  14 
demonstrates  its  control  scheme.  From  Fig.  14(a)  it  can  be  seen 
that  three  Hall  Effect  sensors  HI,  H2,  and  H3,  are  employed  to 
obtain  the  current  signals  for  MPPT  controller  and  power  quality 
conditioning.  It  should  be  noted  that  D&O  method  is  utilized  for 
MPPT.  Fig.  14(b)  illustrates  the  block  diagram  of  the  circuit  for 
harmonic  and  reactive  current  detection  by  the  means  of  adaptive 
interfacing  cancelling  algorithm,  where  vR  is  the  amplitude  of  the 
sinusoidal  reference  signal.  According  to  Fig.  14(b),  the  transfer 
function  between  vH3  and  Vqd  can  be  expressed  as 


r  s5  +  2  s3co2  +  sco4 

(S)  ”  S5  +  2s3<y2  +  Sco4-k(D4 


where  k=G1G2vRlT,  and  t  is  the  integral  time  constant. 

Seo  et  al.  also  have  presented  a  single-phase  single-stage 
MFGCI  configuration  and  its  control  strategy,  as  shown  in  Fig.  15, 
whose  important  parameters  are  available  in  Table  5  [66].  From 
the  configuration,  it  can  be  seen  that,  the  reference  current  is 
composed  of  two  parts.  One  part  \mpvt,ref  is  from  the  result  of  MPPT. 


Fig.  15.  Single-phase  full-bridge  MFGCI  configuration  presented  by  Seo  et  al. 


Table  4 

Parameters  of  the  MFGCI  presented  by  Calleja  and  Jimenez. 


Table  5 

Parameters  of  the  single-phase  full-bridge  MFGCI  proposed  by  Seo  et  al. 


Dc  source 

PV  array,  vpv=  150  V 

Capacity 

1  kW 

Passive  components 

Transformer  ratio  1:2,  LPV=  35  mH 

Switching  frequency 

14.2  kHz 

Control  strategy 

Hysteresis  modulation,  hysteresis  6  =  200  mA 

Extra  functions 

APF  and  RPI 

Dc-source 

PV  array,  the  voltage  of  dc-bus,  Vpv=600  V 

Capacity 

3  kVA 

Voltage  of  utility  grid 

220  V/60  Hz 

Switching  frequency 

20  kHz 

Control  strategy 

PI  Controller,  SPWM  modulation 

Extra  function 

APF 

Fig.  14.  Control  scheme  of  the  MFGCI  proposed  by  Calleja  and  Jimenez,  (a)  Schematic  diagram  of  control  strategy  and  (b)  structure  of  the  adaptive  filter. 


Z.  Zeng  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  24  (2013)  223-270 


229 


The  other  part  Ihar,ref  is  from  the  APF  controller.  Therefore,  the 
MFGCI  can  also  be  used  as  APF  in  day  night,  which  can  increase  the 
using  hours  of  the  MFGCI  compared  to  conventional  GCIs.  Simul¬ 
taneously,  the  trigger  pulses  are  generated  by  SPWM  modulation. 

According  to  the  MFGCI  previously  mentioned  configuration, 
Fig.  16  gives  the  detailed  control  structure.  The  phase-locked  loop 
(PLL)  is  employed  to  obtain  the  phase  of  utility  0PLL.  Meanwhile, 
the  sampled  load  current  is  defined  as  /Zoad>fl,  namely  equivalent 
load  current  of  phase-a  in  virtual  three-phase  system.  Then  the 
equivalent  current  of  virtual  phase-fi  and  c  can  be  yielded  by  120° 
and  240°  phase-shift.  According  to  the  transformation  from  abc 
frame  to  a(3  frame,  namely  Clarke  transformation  as  shown  in  (2) 
and  its  inverse  transformation  is  C„lj/ahc  =  C^c/a/)  =  CTabc/n/t,  the 
equivalent  current  in  ap  frame  can  be  expressed  as  Iioada  and  /Zoad/?. 
As  a  result,  the  load  current  in  dq  frame  can  be  formed  based  on 
the  transformation  in  (3)  whose  inverse  transformation  meets 
Cdq/a/1  =  C~hdq  =  cl/)/dq<  as  wel1  the  ones  filtered  by  low  pass  filter 
(LPF)  can  be  written  as  lipfd  and  Iipfq.  As  a  consequence,  the 
fundamental  component  of  the  load  current  lrefa  can  be  yielded 
with  the  aid  of  inverse  transformations.  The  deviation  between 
hoada  and  Jre/a  is  the  harmonic  component  of  the  load  kapref-  0n  the 
other  hand,  the  reference  voltage  of  the  dc  bus  can  be  determined 
by  the  MPPT  controller  associated  with  D&O  approach.  Due  to  the 


dc  bus  voltage  regulator,  the  maximum  current  amplitude  of  the 
inverter  is  ensured  as  Imax,  which  multiplies  the  sinusoidal  wave¬ 
form  sin 0PLL  to  form  the  reference  current  lmppt,ref-  It  is  worth 
nothing  to  note  that  this  part  of  reference  current  is  the  pure 
active  power  component.  To  compensate  the  harmonic  current  of 
the  load,  the  detected  current  component  ljmpref  should  be  added 
into  Impptjef  to  yield  the  total  reference  current  lref.  With  the  output 
current  regulator,  the  trigger  pulses  of  the  full-bridge  can  be 
obtained  by  SPWM  generator. 


-1/2 

V3/2 


-1/2  ' 
-V3/2 


Table  6 

Parameters  of  the  single  phase  full  bridge  topology  by  Wu  et  al. 


DC-source 

PV  array,  voltage  of  dc-bus  Vdc=400  V 

Capacity 

1  kVA 

Voltage  of  utility  grid 

220  V/60  Hz 

Switching  frequency 

25  kHz 

Control  strategy 

PI  controller,  SPWM  modulation 

Extra  function 

APF 

DC  Filter  VSI  Inverter  AC  Filter 


a  b 


Fig.  17.  The  MFGCI  configuration  proposed  by  Wu  et  al.  (a)  Overall  view  of  the  MFGCI  and  (b)  detailed  block  diagram. 
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a 


Disconnection  Diode 


b 


Disconnection  Diode 


c 


Disconnection  Diode 


Fig.  18.  Power  flow  of  the  MFGCI  configuration  operates  under  (a)  the  grid-connection  mode,  (b)  direct  supply  mode,  and  (c)  APF  mode. 


Table  7 

DC  voltages  of  the  system  in  different  operation 
modes. 


Operation  modes 

Voltage 

Grid-connected  mode 

Vc>400  V,  Vdc=450  V 

Direct  supply  mode 

Vc<311  V,  Vdc=450V 

APF  mode 

Vc=311  V-400  V 

Fig.  19.  Single-phase  half-bridge  MFGCI  configuration  presented  by  Wu  et  al. 


COS Opu 

—sin  Opu 


sin  Opu 
cosOpll 


Wu  et  al.  have  described  a  single-phase  two-stage  MFGCI 
structure  as  demonstrated  in  Fig.  17,  whose  parameters  are  listed 
in  Table  6  [67].  Metal-oxide-semiconductor  field-effect  transistor 
(MOSFET)  is  employed  due  to  its  fast  switching  frequency.  It  can  be 
found  that  different  CPUs  are  employed  for  DC/DC  and  DC/AC 
stages.  The  DC/DC  stage  is  a  typical  boost  circuit  and  a  microcon¬ 
troller  PIC6F88  is  implemented;  on  the  contrary,  the  TMS320F2406A 
DSP  is  used  in  the  DC/AC  stage.  Note  that  there  is  a  single-phase 
diode  rectifier  connected  at  the  output  terminal  of  the  MFGCI  to  act 
as  a  nonlinear  load.  Meanwhile,  the  load  is  also  connected  at  the  de¬ 
bus  of  the  MFGCI  for  reliability  improvement. 

There  are  three  operation  modes  of  this  MFGCI  according  to  the 
output  power  of  the  PV  array,  namely  grid-connected  mode,  direct 
supply  mode,  and  APF  mode.  When  the  solar  irradiation  is  high,  the 
output  power  of  the  PV  array  supplies  load  firstly,  and  the  surplus 
power  is  fed  to  utility  by  the  MFGCI,  as  depicted  in  Fig.  18(a). 
When  the  solar  irradiation  is  middle,  the  PV  array  just  supplies  load 
and  there  is  no  ac  power  fed  to  utility  grid.  That  is  to  say,  the  whole 
system  operates  in  direct  supply  mode,  as  shown  in  Fig.  18(b).  As 
shown  in  Fig.  18(c),  when  the  solar  irradiation  is  low,  the  output 
power  of  the  PV  array  cannot  satisfy  the  demand  of  load,  the  shortage 
power  is  supplied  by  utility  and  the  MFGCI  acts  as  APF  to  compensate 
the  harmonic  current  of  nonlinear  load.  Table  7  shows  the  different 
voltage  levels  of  the  boost  circuit  Vc  and  dc-bus  Vdc  in  different 
operation  modes. 

On  the  basis  of  Fig.  7,  Wu  et  al.  give  a  further  work.  As  indicated 
in  Fig.  19,  the  half-bridge  topology  is  employed  to  replace  the  full- 
bridge  in  Fig.  7,  which  have  the  same  functionalities  of  the  before 
mentioned  one  [68,69].  Although  this  half-bridge  circuit  can 


Load  Current  Analyzer 


Inverter -Current- Command  Calculator  Inverter  Current  Control 

Fig.  20.  Control  strategy  of  the  MFGCI  given  by  Wu  et  al. 


Table  8 

Controller  coefficients  under  different  operation  modes. 


Coefficients 

FAPF 

PAPF  mode 

Linear  loads 

ASA 

lc,ref  (f)>fsw 

Rectifier  loads 

ACA 

ic,ref  ( t)<ISw 

RPI  mode 

Kaca 

0 

0 

0 

1 

0 

Kasa 

1 

ihw~^R,pv)l  ICP 

1 

1 

Kpv 

1 

1 

1 

0 

decrease  the  cost  of  IGBTs,  the  voltage  balance  of  the  two  series 
capacitors  is  hard.  It  should  be  noted  that,  this  MFGCI  also  has 
three  operation  modes.  When  the  solar  isolation  is  high,  it  works 
under  RPI  mode  to  convert  the  solar  energy  efficiently.  When  the 
solar  isolation  is  middle,  it  acts  as  a  partial  APF  (PAPF).  When  the 
solar  isolation  is  low,  it  operates  under  full  APF  mode  (FAPF). 

The  control  strategy  of  the  half-bridge  MFGCI  is  shown  in 
Fig.  20.  From  this  detailed  block  diagram,  it  can  be  seen  that  the 
control  strategy  contains  a  MPPT  controller,  an  inverter-current- 
command  calculator,  a  dc-bus  controller,  and  an  inverter  current 
controller.  Some  detailed  outlines  are  similar  as  the  control 
strategy  mentioned  in  Fig.  8.  The  load  type  and  its  power  Pioad 
can  be  detected  by  load  current  analyzer.  According  to  the  type  of 
load,  the  MFGCI  can  work  under  APF  mode  or  MPPT  mode,  while 
the  MPPT  controller  employs  D&O  approach.  The  power  P/  deter¬ 
mined  by  its  operation  mode  and  the  load  power  Pioad  yield  the 
reference  active  power  Ps.  The  reference  power  multiplies  the 
unit-amplitude-voltage  synchronous  signal  iu(t),  which  derives  the 
reference  current  is  re/  for  RPI  implementation.  With  load  current  iL 
feedback  and  inverter-current-command  calculator,  it  is  available 
to  generate  the  reference  current  of  the  MFGCI  iojef.  There  are  two 
different  algorithms  for  current  regulator  application  to  prevent 
the  reference  current  exceeding  the  rated  one  of  the  MFGCI, 
namely  amplitude  clamping  algorithm  (ACA)  and  amplitude-scaling 
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algorithm  (ASA).  The  reference  current  can  be  expressed  as 


io,ref 


lvirri 


V 


Sjms 


k(t)-  ^P|oad  iu(t) 


v 


Sjms 


xKpV(]  -KAca)Kasa  +  (Isw-Ir,pv)I<aca  =  ic,p(t )  +  ic(t)  (4) 


Fig.  21.  Single-phase  MFGCI  configuration  presented  by  Patidar  et  al. 


Table  9 

Parameters  of  the  single  phase  full  bridge  topology  by  Patidar  et  al. 


Dc-source 

15  series  and  1  parallel,  BPSOLAR  BP280  PV  array 

Capacity 

Approximate  1.2  kVA 

Voltage  of  utility  grid 

230  V/60  Hz 

Switching  frequency 

25  kHz 

Passive  components 

Lc= 3  mH,  Rc=0.1  Q,  Ll= 25  mH,  RL= 7.5  Q 

Control  strategy 

PI  control,  hysteresis  modulation 

Extra  function 

APF 

where  icp(t)  denotes  the  active  component  of  the  inverter  current, 
while  ic(t)  represents  its  reactive  and  harmonic  components.  iL(t) 
is  the  current  of  the  load,  while  Pioad  is  load  power.  PMppt  is  the 
output  power  of  MPPT  controller,  and  PACa  is  the  injected  power  using 
ACA  algorithm.  I ^  is  the  rated  current  of  the  MFGCI.  IKpv  stands  for 
the  active  part  of  the  output  current  of  the  PV  array.  It  should  be 
noted  that  I<pv,  I<ACA,  and  Kasa  are  controller  coefficients,  which  are 
determined  by  different  algorithms  and  operation  modes  as  illu¬ 
strated  in  Table  8.  The  amplitude  of  reference  current  is  limited  by 
the  ACA  or  ASA  algorithm  in  current  regulator  block,  when  the 
reference  current  exceeds  the  rated  current  of  the  MFGCI.  In 
summary,  the  MFGCI  can  transfer  among  three  different  modes 
seamlessly. 

Patidar  et  al.  have  studied  a  single-phase  MFGCI  solution,  as 
demonstrated  in  Fig.  21,  whose  important  parameters  are  shown 
in  Table  9  [70].  Fig.  22  gives  the  detailed  block  diagram  of  its 
control  strategy.  Obviously,  this  system  is  a  typical  current- 
controlled  voltage  source  inverter  (CC-VSI)  and  consists  of  the 
PV  array,  an  H-bridge,  a  local  load,  and  the  filter  inductor  Lc.  Due  to 
the  twice  order  line-frequency  voltage  fluctuations  of  dc-bus,  a 
large  buffer  capacitor  is  useful.  Meanwhile,  the  filter  inductor  is 
employed  to  suppress  the  harmonic  current  around  the  switching 
frequency. 

From  the  control  strategy,  a  TMS320F2812  DSP  is  utilized  as  the 
controller  board,  where  the  MPPT  controller  employs  look-up  table 
method  that  saves  much  CPU  time  and  storage  space;  never¬ 
theless,  it  may  deviates  from  the  actual  maximum  power  point  in 
some  bad  cases.  Because  of  the  sampled  voltage  and  current  of  PV 
array,  Ipv  and  Ipv,  and  the  calculated  maximum  output  power  of  PV 
Ppv,  the  reference  voltage  of  PV  array  Vdcjef  can  be  obtained  by 
the  MPPT  controller.  Due  to  the  dc-bus  voltage  controller,  the 
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AC  Output  Current 
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Fig.  23.  Brief  topology  and  control  strategy  of  the  MFGCI  presented  by  Hirachi,  etc.  (a)  Overview  of  the  MFGCI  and  (b)  control  strategy  of  the  MFGCI. 
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Photovoltaic 

Cells 


Fig.  24.  Three  operation  models  of  solar  photovoltaic  power  generation  conditioner  with  bidirectional  power  converter,  (a)  On  clear  sky  day  (utility  interactive  operation), 
(b)  on  cloudy  sky  day  or  power  failure  (stand  alone  operation)  and  (c)  during  late-night  (rectifier  operation). 


reference  power  Psi  is  achieved,  meanwhile  the  average  active 
power  of  load  PL  subtracting  Psi  derives  the  grid-connected 
reference  power.  With  the  help  of  optimal  control,  it  is  easy  to 
form  the  amplitude  of  the  grid-connected  current  /sm=Ps/Vsm, 
and  it  multiplies  the  unit-amplitude-voltage  synchronous  signal  to 
yield  the  instantaneous  reference  current  zs>re/.  Then,  the  trigger  pulses 
of  the  IGBTs  are  achieved  by  the  grid-connected  current  feedback  and 
current  regulator  associated  with  hysteresis  modulation. 

According  to  the  topologies  mentioned  before,  these  MFGCI 
using  full-bridge  or  half-bridge  in  single-phase  have  three  visible 
drawbacks: 

•  Firstly,  due  to  the  large  fluctuations  of  solar  irradiation,  these 
MFGCI  topologies  can  solely  operate  under  grid-connected 
mode.  If  they  work  under  islanded  mode  and  the  output  power 
of  the  PV  array  is  larger  than  the  rated  power  of  the  local  load, 
the  terminal  voltage  of  the  load  will  be  bigger  than  the  rated 
one.  On  the  contrary,  when  the  output  power  of  the  PV  array  is 
smaller  than  the  local  load,  the  terminal  voltage  of  load  will  be 
smaller  than  the  rated  one.  In  summary,  the  system  is  hard  to 
stably  work  at  its  nominal  point  in  islanded  mode. 

•  Secondly,  the  previously  mentioned  MFGCIs  mainly  employ 
L-filter,  which  need  a  big  inductor  and  the  performance  is  bad. 
Furthermore,  the  cost  and  bulk  of  the  filter  inductor  will 
increase  if  the  inductance  is  bigger. 

•  At  last,  there  is  no  electric  isolation,  the  dc  component  injects 
into  utility  will  affect  other  devices.  Especially,  the  dc  compo¬ 
nent  may  lead  to  the  saturation  of  transformer  due  to  the  dc 
bias  magnetic. 

The  single-stage  single-phase  MFGCI  topology  presented  by 
Hirachi  et  al.  in  Fig.  23,  can  overcome  the  drawbacks  above,  whose 
parameters  are  listed  in  Table  10  [71].  In  this  topology,  the  diodes 
Di  and  D2  in  Fig.  7  can  be  cancelled  because  of  the  energy  storage 
device  embedded  in  the  dc-link  side.  In  addition,  a  LC-filter  is 
implemented  to  replace  the  L-filter,  and  an  isolation  transformer  is 
attached  in  the  ac  side.  It  should  be  noted  that  there  are  three 
operation  modes.  In  sunny  days,  the  bi-directional  converter  feeds 
the  energy  of  PV  array  to  local  load  and  utility,  as  shown  in  Fig.  24 
(a).  In  cloudy  day  or  the  interruption  of  utility,  the  system  work 
under  islanded  mode,  and  the  battery  supplies  power  to  load,  as 
shown  in  Fig.  24(b).  At  day  night,  the  converter  acts  as  a  PWM 
rectifier  and  charges  the  battery,  as  shown  in  Fig.  24(c). 

From  Fig.  24,  it  can  be  found  that  the  system  can  stably  work 
under  islanded  mode.  It  can  be  seen  that  the  system  is  a  simple 
micro-grid.  When  the  grid  switch  is  close,  the  whole  system  works 
under  grid-connected  mode.  The  output  power  of  PV  array 
supplies  the  local  load  firstly.  Then,  the  surplus  PV  power  feeds 
to  the  battery  and  utility;  on  the  contrary,  the  shortage  power  is 
supplied  by  utility  and  the  battery.  When  the  grid  switch  is  open, 
the  system  works  under  islanded  mode.  The  battery  can  absorbs 
(or  supplies)  the  surplus  (or  shortage)  power  of  the  PV  array, 
which  can  keep  the  terminal  voltage  of  the  load  at  its  nominal 
level.  As  mentioned  before,  the  system  can  also  be  modified  as  an 
APF  to  feed  harmonic  current  to  local  nonlinear  load. 


Table  10 

Parameters  of  the  single-phase  full-bridge  MFGCI  studied  by  Hirachi  et  al. 


Dc-source 

PV  array,  battery,  voltage  of  dc-bus  is  200  V 

Capacity 

3  kVA 

Voltage  of  utility  grid 

110V/60  Hz 

Switching  frequency 

40  kHz 

Power  electronic  device 

MOSFET 

Control  strategy 

PI  control,  SPWM  modulation 

Extra  function 

UPS 

Fig.  25.  Configuration  of  the  MFGCI  presented  by  Dasgupta  et  al. 


Table  11 

Parameters  of  the  MFGCI  presented  by  Dasgupta  et  al. 


Dc  source 

Vdc=100  V 

Utility  voltage 

50  V 

Sampling  frequency 

10  kHz 

Control  strategy 

Lyapunov  based  and  spatial 
repetitive  control,  SPWM  modulation 

Extra  functions 

APF 

As  demonstrated  in  Fig.  25,  Dasgupta  et  al.  have  investigated  a 
MFGCI  configuration  for  harmonic  and  reactive  compensation  in  a 
micro-grid,  whose  parameters  are  illustrated  in  Table  11  [72]. 
In  this  MFGCI,  a  CC-VSI  is  implemented  as  the  interface.  It  should 
be  noted  that  the  battery  storage  is  attached  in  the  dc  link,  so  the 
system  can  work  under  islanded  condition  freely. 

Fig.  26  depicts  the  control  scheme  of  the  MFGCI.  It  can  be  seen 
that  the  Hilbert  transform  and  extended  p-q  power  theory  are 
utilized  to  detect  the  compensation  current  components.  Besides, 
a  Lyapunov-based  controller  and  spatial  repetitive  controller  are 
embodied  for  excellent  dynamic  and  steady  performances  on 
current  tracking. 

Chiang  et  al.  have  studied  a  MFGCI  as  shown  in  Fig.  27,  whose 
parameters  are  described  in  Table  12  [73].  From  the  control  part  of 
the  configuration,  it  can  be  found  that  a  novel  MPPT  algorithm  is 
utilized  to  attain  high  performance,  which  has  considered  the 
dynamic  model  of  the  PV  array  and  the  state-averaged  mode  of  the 
DC/DC  converter.  Besides,  the  charging  and  discharging  control  of 
the  batteries  are  clearly  separated,  as  well  as  these  modes  can  be 
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Fig.  26.  Control  strategy  of  the  MFGCI  proposed  by  Dasgupta  et  al.  (a)  Block  diagram  in  detail  and  (b)  the  subsystem  of  the  control  scheme  to  generate  reference  current. 


Table  12 

Parameters  of  the  single-phase  full-bridge  MFGCI  presented  by  Chiang  et  al. 


Dc  source 

PV  array,  7x6  (each  with  open  voltage 
Voc=  14  V,  short  current  Isc=  1.2  A) 
batteries  12  V/ 15  Ah  x  14 

Capacity 

Approximately  600  W 

Utility  voltage 

110V/60  Hz 

Passive  components 

Lp= 0.3  mH,  C,  =  200  pF 

Power  electronic  components 

MOSFET  450  V/13  A  (boost  converter), 
IGBT  600  V/50  A  (inverter) 

Control  strategy 

PI  control,  SPWM 

Extra  functions 

APF,  UPS 

easily  transferred  with  the  help  of  the  operation  modes  control 
section. 

Bojoi  et  al.  also  survey  a  MFGCI  configuration  as  illustrated  in 
Fig.  28,  whose  important  parameters  are  presented  in  Table  13 
[74,75].  Additionally,  its  control  strategy  is  given  in  Fig.  29. 

Fig.  29  shows  the  detailed  control  diagram  of  the  MFGCI 
configuration  presented  by  Bojoi  et  al.  It  can  be  seen  that  this 
control  strategy  consists  of  reference  current  generator,  current 


regulator,  and  SPWM  modulation,  where  a  filter  algorithm  asso¬ 
ciated  with  the  instantaneous  power  theory,  named  as  sinusoidal 
signal  integrator  (SSI),  is  employed  to  detect  the  harmonic  and 
reactive  current  of  the  load.  Furthermore,  a  repetitive  controller 
and  a  PI  controller  are  implemented  to  accurately  track  the 
reference  current. 

Cirrincione  et  al.  have  also  investigated  a  MFGCI  configuration 
as  shown  in  Fig.  30  and  Table  14  [76].  Simultaneously,  Fig.  31  gives 
its  control  principle  with  two  neural  adaptive  filters  to  extract  the 
compensation  current  of  local  loads  and  compute  the  fundamental 
component  of  the  utility  voltage.  Besides,  a  proportional-resonant 
(PR)  controller  is  utilized  to  achieve  excellent  performance. 

Macken  et  al.  have  studied  the  single-phase  single-stage  MFGCI 
system  as  displayed  in  Fig.  32,  whose  parameters  are  listed  in 
Table  15.  Whereas,  there  may  have  multiple  MFGCIs  in  a  DGS  or 
MG,  thus  they  have  presented  an  agent-based  communication 
approach  to  coordinate  the  MFGCIs  as  described  in  [77].  In  general, 
to  prevent  the  output  current  of  the  MFGCI  exceeding  its  rated 
one,  its  apparent  power  for  auxiliary  services  cannot  be  too  much. 
Fortunately,  a  DGS  or  MG  always  has  integrated  many  GCIs.  If  they 
can  work  as  MFGCIs  coordinately,  the  total  apparent  power  may  be 
large  enough  to  deal  with  the  possible  power  quality  issues. 
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The  MFGCI  configurations  mentioned  before  are  all  used  as 
power  quality  conditioners  in  parallel,  which  can  just  enhance  the 
power  quality  issues  caused  by  harmonic  and  reactive  current. 
Hosseini  et  al.  present  a  novel  single-stage  MFGCI  topology  in 
series,  which  can  act  as  a  DVR  and  compensate  the  voltage  swell 
and  sag  of  utility  [78].  Important  parameters  of  the  MFGCI 
configuration  are  described  in  Table  16. 

As  shown  in  Fig.  33,  this  topology  is  made  up  of  two  indepen¬ 
dent  boost  circuits.  The  desired  voltage  vQ  can  be  achieved  at  its 
output  terminal  if  a  proper  control  strategy  is  carried  out.  When 
the  voltage  of  utility  is  swell,  sag,  and/or  interruption,  this 
topology  can  compensate  it  effectively.  In  addition,  this  topology 
can  also  compensate  the  reactive  voltage  at  the  terminal  of  load, 
which  can  confirms  unit  factor  operation  of  utility.  It  should  be 
noted  that  the  filter  components  Ldc,  Lfl  and  Cf  pay  important  role 
to  suppress  the  fluctuations  of  the  dc-link  and  inhibit  the  failure  of 


Fig.  30.  Schematic  diagram  of  the  MFGCI  investigated  by  Cirrincione  et  al. 
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Fig.  28.  The  MFGCI  configuration  presented  by  Bojoi  et  al. 


Table  13 

Parameters  of  the  single-phase  full-bridge  topology  by  Bojoi  et  al. 


Micro-source,  Vdc=400V 
4  kVA 

220  V/50  Hz 
10  kHz 


Dc-source 
Capacity 
Voltage  of 
utility  grid 
Switching 
frequency 

Passive  LF=  0.7  mH,  CF=  7.5  pH,  CF=  2.2  mF,  R2  =  25  Q,  L2  =  3 0  mH, 

components  L\  =  0.9  mH,  C\  =  1  mF,  fq  =  50  Q 
Control  strategy  Repetitive  control  and  PI  control,  SPWM  modulation 
Extra  functions  APF,  reactive  compensation 


Table  14 

Parameters  of  the  single-phase  full-bridge  MFGCI  presented  by  Cirrincione  et  al. 


Dc  source 

PV  array,  Vdc=250  V 

Utility  voltage 

130  V/50  Hz 

Passive  components 

Lg=  20  mH,  Rg=  1  Q,  L= 4  mH,  R  =  0.2  Q 

Switching  frequency 

15  kHz 

DC 

Control  strategy 

PR  control,  SPWM 

Source 

Extra  functions 

APF 
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Fig.  31.  Control  diagram  of  the  MFGCI  presented  by  Cirrincione  et  al. 


Fig.  29.  Block  diagram  of  the  MFGCI  proposed  by  Bojoi  et  al.  (a)  Overview  block  diagram,  (b)  reference  current  generation  algorithm,  (c)  model  of  the  SSI  filter  and 
(d)  current  regulator. 
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the  MPPT.  In  the  presented  topology,  each  boost  circuit  is  driven 
by  a  modulation  signal  with  180°  phase-shift  and  dc  bias. 
The  deviation  of  these  two  modulation  signals  yields  a  sinusoidal 
waveform.  Therefore,  the  terminal  voltage  of  this  topology  can 
be  controlled  by  the  modulation  signals  directly.  As  shown  in 
Fig.  33(a)  and  (b),  the  controller  of  the  boost  circuit  consists  of  an 
outer  current  loop,  and  an  inner  voltage  loop,  respectively.  If  the 
desired  output  voltage  of  this  topology  can  be  expressed  as 
voref  =  V2Vsm((jot),  then  the  reference  voltage  of  two  boost  circuits 
can  be  written  as 

(1)  when  sin(&>t)>0,  take 

J  V„ire/  =  Vo2  +  Vore/  =  Vo2  +  V2Vsm (®t) 

|  vo2ref  =  vdc-Vsm{cot)/V2  (5) 


Fig.  32.  Configuration  of  the  MFGCI  studied  by  Macken  et  al. 


Table  15 

Parameters  of  the  single-phase  full-bridge  MFGCI  presented  by  Macken  et  al. 


Dc  source 

PV  array 

Capacity 

1  kW 

Utility  voltage 

110  V/50  Hz 

Passive 

L-[  =  5  mH,  Cf=  4  pF,  L/=  2.5  mH;  diode  rectifier  L=150  mH, 

components 

R  =  35  Q 

Switching 

10  kHz 

frequency 

Control  strategy 

PI  control,  SPWM 

Extra  functions 

APF 

Table  16 

Parameters  of  the  single-phase  MFGCI  proposed  by  Hosseini  et  al. 


Dc-source 

PV  array 

Capacity 

PL= 2-2.4  1<W(Rl=20-25  Q) 

Voltage  of  utility  grid 

220  V/50  Hz 

Switching  frequency 

20  kHz 

Passive  components 

L]  =L2  =  0.2  mH,  C/=1000  pF,  C\  =  C2  =  20  pF, 

Lf=  2.5  mH,  Ldc=  1  mH 

Control  strategy 

PI  control,  SPWM  modulation 

Extra  functions 

DVR  and  PFC 

(2)  when  sin(cut)<0,  set 

(  V0ire/  =  Vdc  +  Vsm (a)t)/y/2 
j  V02re/  =  V0i -Vore/  =  V02— \/2Vsin (cot) 


Fig.  34  shows  the  control  block  of  the  boost  circuit,  and  Fig.  34(a) 
give  the  algorithm  to  generate  the  reference  voltage.  The  reference 
voltage  of  dc-bus  Vpref  is  achieved  by  MPPT  controller.  And 
the  reference  maximum  output  power  PMmp  is  obtained  by  dc 
voltage  regulator.  In  addition,  the  reference  phase  q?0  can  be 
accurately  calculated.  To  improve  the  dynamic  performance  on 
power  tracking,  a  close-loop  control  of  PINV  is  added  for  the  phase 
compensation.  Then,  the  amplitude  of  the  reference  voltage  \vL\  can 
be  derived  according  to  different  operation  modes.  Furthermore,  by 
the  means  of  the  outer  voltage  loop  and  inner  current  loop,  as 
shown  in  Fig.  34(b)  and  (c),  the  controlled  duty  cycle  of  the  boost 
circuits  can  be  achieved. 

Because  the  impedance  of  utility  grid  is  small,  to  compensate 
utility  voltage  using  a  parallel  converter  is  unwise,  in  general. 
Otherwise,  there  may  be  a  very  large  current  flow  across  utility, 
that  is  to  say,  the  capacity  of  the  parallel  converter  must  be  very 
large.  However,  in  the  view  point  of  the  PV  GCI,  this  kind  of 
solution  may  be  suitable,  because  the  capacity  of  the  PV  inverter  is 
usually  large  enough  to  supply  the  full  capacity  of  local  load. 
Therefore,  a  properly  large  reactive  current  can  change  the  voltage 
of  load  terminal,  if  a  large  inductor  Ls  is  introduced  in  utility  side. 
Mastromauro  et  al.  present  this  kind  of  MFGCI  as  demonstrated  in 
Fig.  35  [79,80],  whose  parameters  are  listed  in  Table  17.  It  should 
be  noted  that  the  harmonic  current  is  so  large,  and  can  cause  the 
distortion  voltage  on  utility  inductor.  Fortunately,  it  also  can  be 
compensated  by  the  PV  GCI. 

The  control  block  of  this  MFGCI  is  depicted  in  Fig.  36(a),  which 
consists  of  an  outer  voltage  loop  and  an  inner  current  loop. 
Furthermore,  the  outer  voltage  loop  employs  repetitive  controller 
in  Fig.  36(b),  which  can  accurately  tracks  fundamental  and 
harmonic  voltage  and  effectively  compensates  the  voltage  swell, 
sag,  and  distortion.  Besides,  the  inner  current  loop  implements  PI 
controller,  which  has  a  fast  dynamic  performance. 

According  to  the  MFGCI  systems  in  Fig.  35,  literature  [81]  gives 
a  reference  generation  algorithm  based  on  droop  control,  which  is 
indicated  in  Fig.  37.  It  can  be  seen  that  the  reference  voltage  is 
formed  by  the  reactive  and  active  power  droop  loops,  where  the 
normal  values  of  reactive  and  active  power  are  Q*=0  and 
P*=Pmppt,  respectively,  and  Qc  and  Pc  are  the  actually  output 
reactive  and  active  power  of  the  inverter.  The  detailed  block 
diagram  of  the  droop  control  can  be  found  in  Fig.  38,  where  mif 
mp ,  and  np  are  control  coefficients.  The  decoupling  strategy  of 
active  and  reactive  power  can  be  expressed  as 

j  P'  =  (Pc-P*)sin0-(QG-Q*)cosO 

\  Q'  =  (Pc-P*)cos<9  +  (Qc-Q*)sin<9  (  } 


a 


b 


Fig.  33.  Single-phase  MFGCI  presented  by  Hosseini  et  al.  (a)  Schematic  configuration  and  (b)  circuit  model. 
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Fig.  34.  Control  strategies  of  the  boost  circuits,  (a)  Inverter  voltage  reference  controller,  (b)  voltage  control  loop  and  (c)  current  control  loop. 


Fig.  35.  Block-diagram  of  the  grid-connected  PV  system  with  active  filter  functionality. 


Table  17 

Parameters  of  the  three  phase  full  bridge  topology  by  Mastromauro  et  al. 


Dc-source 

Capacity 

Voltage  of 
utility  grid 
Switching 
frequency 
Parameters 

Control  strategy 
Extra  functions 


PV  array,  voltage  of  dc-bus,  VdC= 460  V 

Danfoss  VLT  5006  inverter,  rated  apparent  power  7.6  kVA, 

experimental  capacity  1.2  kW 

220  V/50  Hz 

20  kHz 

LC  filter  1.4  mH+5  |iF,  damping  resistance  R=  1  Q,  inductor  in 

utility  grid  side  Ls=15  mH 

Repetitive  control,  PI  control,  SPWM  modulation 

DVR,  harmonic  voltage  compensation 


where  6>=X/R  is  impedance  ratio.  It  should  be  noted  that  the 
stability  of  the  droop  controller  is  directly  determined  by  the 
control  coefficients.  It  is  very  important  to  properly  design  these 
coefficients. 

Based  on  the  MFGCI  presented  by  Dasgupta  et  al.  as  illustrated 
in  Fig.  25,  they  also  give  another  MFGCI  configuration  as  shown  in 
Fig.  39,  whose  parameters  are  listed  in  Table  18  [82].  It  is  easy  to 
found  that  the  load  is  connected  between  PWM  inverter  and 
utility  in  series.  Thus,  the  voltage  satisfy  vinv=v L-vgl  in  other 
words,  the  voltage  of  load  vL  can  be  controlled  by  the  MFGCI 
indirectly.  Therefore,  the  MFGCI  can  greatly  enhance  the  voltage 
quality  of  the  load. 

Fig.  40  shows  the  control  scheme  of  the  MFGCI.  According  to 
the  phasor  diagram  in  Fig.  39(b),  the  reference  voltage  of  the  load 


can  be  calculated  as  shown  in  Fig.  40.  Then,  a  spatial  controller  is 
utilized  to  obtain  the  trigger  pulses  of  the  IGBTs. 

Lin  et  al.  have  investigated  a  MFGCI  as  shown  in  Fig.  41,  whose 
parameters  are  listed  in  Table  19.  On  the  basis  of  the  single-phase 
H-bridge  converter,  an  asymmetrical  leg  is  employed  to  achieve 
three-level  PWM,  which  has  less  voltage  harmonic  generated  on 
the  ac  side  of  the  MFGCI  compared  with  a  two-level  one. 
An  independent  cell  of  this  three-level  converter  is  described  in 
Fig.  41(a).  According  to  the  cell  and  its  control  scheme,  it  can  be 
applied  to  three-phase  utility  as  three  independent  VSIs  as  shown 
in  Fig.  41(c).  However,  it  can  also  be  applied  as  a  combined 
inverter  as  shown  in  Fig.  41(d),  whose  three  cells  share  the  dc 
bus  fed  by  energy  storage  devices  and/or  RESs.  In  [83],  a  single¬ 
phase  MFGCI  is  studied,  which  can  act  as  an  UPQC,  as  shown  in 
Fig.  42. 

Geibel  et  al.  also  give  a  single-phase  UPQC-based  MFGCI  as 
presented  in  Fig.  43  and  have  achieved  good  performance  [84]. 

Kuo  et  al.  have  investigated  a  MFGCI  configuration  as  shown  in 
Fig.  44,  whose  system  parameters  are  listed  in  Table  20.  In  [85],  the 
linear  relationship  between  equivalent  conductance  and  current  of 
PV  array  is  found.  As  a  consequence,  a  novel  MPPT  algorithm  is 
presented  so  as  to  perform  the  rapid  and  accurate  power  tracking 
features.  Owing  to  the  3-leg  topology,  the  MFGCI  can  be  applied  to 
single-phase  three-wire  system. 

The  control  schematic  diagram  of  the  MFGCI  is  depicted  in 
Fig.  44.  From  the  control  principle  of  the  line-mode  controller  in 
Fig.  45(a),  it  can  be  seen  that  the  MFGCI  can  performs  as  a 
conventional  GCI  or  an  APF  flexibly.  The  amplitude  of  the  reference 
current  is  derived  by  MPPT  controller  or  APF  controller,  which 
multiplies  the  per-unit  signal  in  phase  with  utility  voltage  to 
generate  the  instantaneous  reference  current  iu/m,re/-  It  should  be 
noted  that  the  subscript  “lm”  denotes  the  line-value,  for  instance 
iim=ia-ib.  Then,  the  load  current  iLim  is  added  to  iu/m,re/ for  output 
current  regulation  of  the  MFGCI.  Besides,  a  phase-lead  controller 
Gcc,  a  feed-forward  controller  Gfd >  and  a  feedback  compensator  Gch 
are  employed  to  achieve  fast  dynamic  and  accurate  steady  perfor¬ 
mance.  To  against  the  disturbance  from  utility  voltage,  a  distur¬ 
bance  immunizing  controller  Gvs  is  utilized.  To  balance  the 
currents  in  phase-a  and  b ,  a  neural-mode  controller  is  implemen¬ 
ted  as  shown  in  Fig.  45(b). 

All  the  MFGCI  topologies  mentioned  before  employ  hard- 
switching,  which  may  lead  to  low  efficiency  of  energy  conversion. 
De  Souza  et  al.  give  a  MFGCI  topology  using  soft-switching  technol¬ 
ogy,  whose  configuration  and  parameters  are  demonstrated  in  Fig.  46 
and  Table  21,  respectively  [86-88].  A  brief  diagram  of  the  topology  is 
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Fig.  36.  Full-bridge  MFGCI  configuration  presented  by  Mastromauro  et  al.  (a)  Voltage  control  of  the  shunt  connected  PV  converter  and  (b)  repetitive  control  of  voltage  loop. 


Fig.  37.  Block  diagram  of  the  grid-connected  PV-system  power  stage  and  its 
control  scheme. 


shown  in  Fig.  47.  It  can  be  found  that  this  topology  consists  of  a  half- 
bridge-zero-voltage  DC/DC  converter  and  a  cascaded  DC/AC  conver¬ 
ter.  Meanwhile,  to  reduce  the  electromagnetic  capacity  and  the 
power  loss  of  the  system,  the  DC/DC  stage  employs  half-bridge 
zero-voltage  switching  pulse  width  modulation  (HB  ZVS-PWM),  as 
illustrated  in  Fig.  48.  Literature  [86-88]  show  the  algorithm  to  select 
the  optimal  parameters  of  capacitor  Cei/Ce2,  inductor  Lr,  and  the 
transformer  turns  ratio. 

Fig.  49  gives  the  block  diagram  of  the  DC/AC  stage.  Similar  to 
the  single-phase  full-bridge  MFGCIs  mentioned  before,  this  DC/AC 
stage  can  also  be  implemented  as  an  APF.  This  topology  can  not 
only  be  an  interface  to  connect  PV  array  to  utility,  but  also  can  act 
as  an  APF  to  compensate  the  harmonic  and  reactive  current  of  the 
local  load.  Its  operation  can  be  briefly  described  as  follows. 
The  DC/DC  converter  is  employed  to  boost  the  output  voltage  of 
PV  array  to  be  a  high  enough  one  to  meet  the  requirement  of  the 
DC/AC  stage.  At  the  same  time,  the  DC/DC  stage  also  completes  the 
MPPT  of  PV  array.  The  PV  array  supplies  load  firstly,  and  the 
surplus  power  is  fed  to  utility  in  sunny  days;  on  the  contrary,  the 
utility  will  supply  the  shortage  power  of  load,  when  PV  array 
generates  not  enough  power  to  load  in  cloudy  days.  Note  that,  to 
ensure  the  unit  power  factor  of  the  utility,  the  MFGCI  also  can 
operate  as  an  APF  to  compensate  the  harmonic  and  reactive  power 
of  the  load.  The  control  strategy  of  the  DC/AC  stage  mainly  consists 
of  an  outer  dc-bus  voltage  loop  and  an  inner  current  loop.  The 
amplitude  of  grid-connected  current  is  derived  by  the  reference 
and  feedback  dc-bus  voltage,  Vref  and  kvVdc,  as  well  as  the  voltage 
regulator  Cv.  The  amplitude  multiplying  the  unit-amplitude- 
voltage  synchronous  signal  yields  the  reference  current.  With 


the  help  of  current  regulator  Q  and  forward  back  of  utility  voltage 
Gcdl  the  trigger  pulses  of  the  full-bridge  can  be  obtained  by  SPWM 
modulation. 

5.  Multi-functional  grid-connected  inverters  in  three-phase 
system 

As  mentioned  before,  the  capacities  of  the  single-phase  MFGCIs 
are  low,  which  are  mainly  used  in  residential  PV  systems. 
In  addition,  the  harmonic  detection  approaches  of  the  single-phase 
MFGCIs  are  harder  than  three-phase  MFGCIs.  It  is  worth  nothing  to 
note  that  a  single-phase  MFGCI  is  a  typical  unbalance  source,  which 
will  burden  the  utility  to  manage  the  unbalance  issue.  Therefore, 
three-phase  MFGCIs  have  many  good  performances  and  are  suitable 
for  general  application.  The  available  MFGCIs  in  three-phase  system 
are  also  some  single-stage  or  two-stage  GCIs  associated  with  APF, 
PFC,  DVR  and/or  UPQC  functionalities. 

To  broaden  the  application  field  of  the  MFGCIs,  Wu  et  al.  give  a 
three-phase  MFGCI,  as  shown  in  Fig.  50,  based  on  the  single-phase 
one  in  Fig.  7,  whose  parameters  are  described  in  Table  22  [89].  As  a 
consequence,  a  control  strategy  is  also  presented  as  depicted  in 
Fig.  51.  This  configuration  can  accomplish  the  interface  function¬ 
ality  of  conventional  GCI  and  the  functionality  of  harmonic  and 
reactive  compensation.  There  are  three  different  operation  modes 
according  to  the  solar  irradiation,  namely  FAPF  mode,  PAPF  mode, 
and  RPI  mode.  In  low  irradiation,  the  MFGCI  works  under  FAPF 
mode,  and  there  is  little  active  power  generated  by  the  PV  array. 
As  a  result,  the  MFGCI  has  enough  apparent  power  to  carry  out  the 
APF  functionality.  When  the  irradiation  is  middle,  the  MFGCI 
works  under  PAPF  mode,  namely,  it  can  just  supply  partial  reactive 
and  harmonic  current  to  compensate  the  local  load.  When  the 
irradiation  is  high,  the  MFGCI  works  in  RPI  mode  and  just  generate 
active  power.  Literature  [89]  gives  the  control  strategy  as  shown  in 
Fig.  52,  in  which,  the  detailed  harmonic  and  reactive  current 
detection  approach  is  given  as  shown  in  Fig.  53. 

As  shown  in  Fig.  52,  a  three-phase  system  can  be  viewed  as  two 
single-phase  systems.  With  the  aid  of  the  load  current  analyzer, 
the  average  active  and  reactive  power  of  the  two  load  ports,  pL1 , 
qL i,  pL2,  and  qL2,  as  well  as  the  reactive  and  harmonic  current,  iLjth 
and  iLj>q,  can  be  achieved.  To  prevent  the  reference  current 
exceeding  the  rated  one  of  the  MFGCI,  a  limiter  is  employed  to 
achieve  the  reactive  and  harmonic  coefficients,  kqcl(kqc2)  and 
khpwc\(khpwc2).  Then  the  harmonic  and  reactive  reference  current 
of  each  phase,  icj,h,ref  and  iCj,q,ref ,  can  be  calculated.  Similarly,  the 
active  reference  current  iCj,P,ref  is  available  by  the  means  of  MPPT 
and  voltage  regulator  of  dc-bus.  These  three  parts  constitute  the 
reference  current  iCJ- re/.  Due  to  the  feedback  of  output  current  and 
the  current  regulator  Gcc,  the  trigger  pulses  of  the  three-phase 
H-bridge  can  be  generated  by  SPWM  modulation. 
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Fig.  38.  Block  diagram  of  reference  generation  algorithm. 
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Fig.  39.  Configuration  of  the  MFGCI  investigated  by  Dasgupta  et  al.  (a)  Schematic  diagram  and  (b)  detailed  explanation  on  the  phasors  diagram  of  voltages. 


Table  18 

Parameters  of  the  MFGCI  presented  by  Dasgupta  et  al. 


Dc  source 

PV  array,  Vdc=270  V 

Utility  voltage 

110V/50  Hz 

Sampling  frequency 

10  kHz 

Passive  components 

R  =  150  Q,  L=0.1  H 

Control  strategy 

Spatial  repetitive  control,  SPWM  modulation 

Extra  functions 

Harmonic  voltage  compensation,  DVR 

Literature  [90]  founds  that  the  reference  current  of  MFGCI  can 
be  simplified  as 

hujef  =  (PmpPT~Pl)^(0/W 2Vrms(uv)]  +  hu 
<  icvjef  =  Lv  (8) 

Lw.ref  =  ~(P  MPPJ—P  rms(uv)]  +  hw 

where  PL  =  pL1  +  pL2  is  active  power  of  load.  denotes  the 

root-mean-square  (RMS)  value  of  line-voltage.  u(t)  Represents  the 
unit-amplitude-voltage  synchronous  signal.  Furthermore,  an  algo¬ 
rithm  named  as  fast-zero-phase  detection  is  proposed  to  generate 
the  unit  synchronous  signal  u(t)  to  form  the  reference  current. 

He  et  al.  also  have  researched  a  three-phase  H-bridge  MFGCI 
system  as  illustrated  in  Fig.  54,  whose  parameters  are  listed  in 
Table  23  [91,92].  As  known  to  all,  the  previously  mentioned 
MFGCIs  are  mainly  CC-VSI  as  shown  in  Fig.  54(a)  typically.  How¬ 
ever,  if  a  MFGCI  can  behave  as  a  voltage-controlled  VSI,  many  good 
performances  can  be  achieved,  such  as  seamless  transfer  from 


grid-connected  mode  to  islanded  mode,  plug-and-play,  supporting 
the  voltage  and  frequency  of  the  DGSs  and/or  MGs  using  droop 
controller,  and  power  sharing  of  MFGCIs  in  islanded  mode.  There¬ 
fore,  He  et  al.  give  a  voltage  control  scheme  for  the  MFGCI  as 
shown  in  Fig.  54(b).  It  should  be  noted  that  the  sliding  discrete 
Fourier  transform  (SDFT)  is  utilized  both  in  voltage  control  mode 
or  current  control  mode  to  detect  the  harmonic  voltage  or  current 
for  compensation. 

Yu  et  al.  also  give  a  MFGCI  configuration  as  depicted  in  Fig.  55 
and  Table  24  [93].  It  can  be  found  that  the  derivation  regulating  of 
dc  voltage  derives  the  reference  current  in  d-axis,  as  well  as  the 
instantaneous  reactive  theory  is  implemented  to  detect  the 
reactive  and  harmonic  current  for  compensation.  The  MFGCI  can 
realize  active  power  generation  and  reactive  current  compensa¬ 
tion  simultaneously  at  daytime.  Meanwhile,  it  can  still  behave  as 
an  APF  at  night  to  enhance  the  power  quality  of  utility. 

As  previously  mentioned,  the  output  power  of  the  PV  array  and 
other  RESs  is  random  and  uncertain.  So  the  whole  system  may  be 
instable  in  islanded  mode  if  there  is  no  energy  storage  device  in 
the  MFGCI. 

Kim  et  al.  have  given  a  new  MFGCI  configuration  as  demon¬ 
strated  in  Fig.  56,  whose  parameters  are  given  in  Table  25  [94]. 
There  is  a  DC/DC  stage  adding  to  the  dc-bus  of  the  MFGCI,  which 
can  realize  MPPT  feature.  Additionally,  due  to  the  extra  battery 
device  at  dc-bus,  the  system  can  stably  operate  in  islanded  mode, 
which  can  be  viewed  as  an  UPS.  Besides,  the  LC-filter  brings  better 
performance  to  suppress  switching  harmonic  current  compared 
with  an  L-filter. 
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Fig.  40.  Control  scheme  of  the  MFGCI  presented  by  Dasgupta  et  al. 


Fig.  41.  Topology  and  its  control  scheme  of  the  MFGCI  cell  presented  by  Lin  et  al.  (a)  Topology  of  the  cell,  (b)  control  scheme  of  the  cell,  (c)  application  in  three-phase  utility: 
Case  1  and  (d)  application  in  three-phase  utility:  Case  2. 


Table  19 

Parameters  of  the  MFGCI  presented  by  Lin  et  al. 


Dc  source 

PV  array,  the  voltage  of  dc-link  is  Fdc=200  V 

Capacity 

1.5  kW 

Utility  voltage 

110  V/60  Hz 

Passive  components 

1=2  mH,  C1  =  C2  =  1100  |iF,  vcl  =  vC2  =  100  V 

Switching  frequency 

20  kHz 

Control  strategy 

PI  control,  SPWM  modulation 

Extra  functions 

UPQC 

When  the  grid-connected  switch  is  closed,  the  PV  array 
supplies  the  local  nonlinear  load.  The  utility  will  absorbs  (or 
supplies)  the  surplus  (or  shortage)  active  current.  On  the  other 


hand,  when  the  switch  is  open,  the  battery  will  supply  the  local 
load  and  the  MFGCI  can  act  as  an  UPS. 

Fig.  57  shows  the  control  strategy  of  the  MFGCI  configuration 
proposed  by  Kim  et  al..  The  instantaneous  reactive  power  theory  is 
used  to  detect  the  compensation  current  of  load.  The  sampled 
three-phase  voltage  and  current  can  be  utilized  to  calculate  the 
instantaneous  power  of  utility.  Then  their  average  active  power 
can  be  obtained  by  the  means  of  LPF,  which  multiplies  a  coefficient 
k  to  derive  the  amplitude  of  fundamental  active  component  of  load 
current.  The  amplitude  times  the  unit-amplitude-voltage  synchro¬ 
nous  signal,  and  then  it  derives  the  active  part  of  load  current. 
The  load  current  subtracting  the  detected  fundamental  one,  yields 
the  harmonic  and  reactive  current  of  load  Ic.  On  the  other  hand, 
with  the  help  of  MPPT  and  voltage  regulator  of  dc-bus,  it  can  yield 
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Fig.  42.  Single-phase  UPQ.C  like  MFGCI  presented  by  Lin  et  al. 


Table  20 

Parameters  of  the  single-phase  full-bridge  MFGCI  presented  by  Kuo  et  al. 


Dc  source 

PV  array,  VPV=238  V 

Capacity 

1  kW 

Utility  voltage 

110  V/60  Hz 

Passive 

Load:  Zq  rectifier  load  100  W,  Z2  resistive  load  100  W,  Z3 

components 

resistive  load  100  W;  input  filter  capacitor  C,=470  pF;  LC 
series  filter  Lf=  1.66  mH,  C/=1000  pF;  output  filter 

1=1.2  mH 

Power  electronic 
devices 

IGBT  HG20N60 

Switching 

frequency 

18  kHz 

Control  strategy 

PI  control,  SPWM 

Extra  functions 

APF 

the  amplitude  of  grid-connected  current  Iref.  To  control  the  output 
current  of  the  MFGCI,  the  current  feedback  Iin  and  SPWM  modula¬ 
tion  are  employed,  too. 

Based  on  their  previous  work  in  single-phase  system,  Dasgupta 
et  al.  have  researched  a  MFGCI  configuration  in  three-phase 
system  as  shown  in  Fig.  58,  whose  parameters  are  described  in 
Table  26.  The  control  strategy  of  the  MFGCI  is  illustrated  in  Fig.  59. 
To  detect  the  compensation  current  component,  a  novel  algorithm 
is  proposed  in  [95,96]  as  well. 

As  mentioned  before,  to  suppress  the  dc  bias  of  GCI  that  may  be 
inject  into  utility,  the  isolation  transformer  in  ac  side  is  necessary 
sometimes.  Cheng  et  al.  give  a  three-phase  MFGCI  configuration, 
as  demonstrated  in  Fig.  60,  whose  parameters  are  shown  in 


Table  27  [97].  It  can  be  seen  from  Fig.  60  that  the  load  and  the 
MFGCI  are  isolated  by  isolation  transformers  in  ac  side,  which  will 
increase  the  cost  and  bulk  of  the  system.  Compared  with  Fig.  56,  it 
can  also  be  found  that  the  energy  storage  device  in  dc  side  is 
cancelled. 

Fig.  61  gives  the  algorithm  to  calculate  the  reference  current  of 
the  MFGCI.  It  is  obvious  that  the  instantaneous  power  theory  is 
employed  to  detect  the  harmonic  components  of  load  current. 
The  utility  voltage  and  current  in  stationary  a(3  frame,  uafi  and  iaj5 , 
are  obtained  by  the  means  of  sampled  PCC  voltage  and  load 
current.  With  the  help  of  instantaneous  power  theory,  the  funda¬ 
mental  component  of  load  current  i^/can  be  achieved.  As  a  result, 
the  fundamental  component  of  load  current  in  natural  abc  frame 
habc  can  be  formed  after  Clarke  transformation.  The  load  current 
kabc  subtracts  ibabc,  and  the  result  yields  the  harmonic  current  ihabc • 
On  the  other  hand,  according  to  the  reference  power  generation  of 
the  MFGCI,  P  and  Q,  it  can  generate  the  normal  grid-connected 
reference  current  igabc  by  the  means  of  (9).  The  detected  harmonic 
current  and  the  computed  grid-connected  reference  current  con¬ 
stitute  the  total  reference  current  of  the  MFGCI,  as  shown  in 
Fig.  60.  Note  that  the  transformations  T  and  Cpq  in  Fig.  61  are 
(9)  and  (10),  respectively. 

iaref  =  (UaP  +  Up(l)/(U2a  +  U2„) 

(9) 

w  =  (uaP-upO)/(u2a  +  uj) 

{ p  =  uaia  +  Upip 

<  :  no) 

|q  =  Ufil'-lljf, 

Naderi  et  al.  have  studied  a  MFGCI  configuration  as  illustrated 
in  Fig.  62,  whose  parameters  are  listed  in  Table  28  [98].  From  the 
single-line  diagram,  it  can  be  found  that  the  step-up  transformer  is 
used  to  reduce  the  voltage  stress  of  the  converter.  Besides,  the 
control  principle  mainly  consists  of  two  parts.  One  is  the  reference 
generator,  and  another  is  the  core  controller,  which  is  shown  in 
Fig.  63.  From  the  block  diagram  of  the  controller,  it  is  easy  to  see 
that  the  instantaneous  reactive  power  theory  is  utilized  to  com¬ 
pute  the  compensating  current  components.  Besides,  hysteresis 
modulation  is  implemented  so  as  to  achieve  fast  dynamic  perfor¬ 
mance  of  the  MFGCI. 

Mohod  et  al.  have  investigated  a  MFGCI  to  connect  micro-wind 
generator  to  utility  and  compensate  the  harmonic  current  of 
local  load,  whose  parameters  are  described  in  Table  29  [99]. 
The  configuration  of  the  MFGCI  is  shown  in  Fig.  64,  as  well  as  its 
control  strategy  is  given  in  Fig.  65.  From  Fig.  64,  it  can  be  seen  that 
the  dc-link  of  the  MFGCI  is  fed  by  wind  generator  and  storage 
battery.  As  a  result,  the  battery  can  substitute  the  wind  generator 
and  supply  the  local  critical  load  uninterruptedly  when  the  micro¬ 
wind  generator  is  cut  off.  Specially,  the  MFGCI  can  compensate  the 
harmonic  current  of  the  local  load  as  well.  Therefore,  the  power 
quality  at  the  PCC  can  be  greatly  enhanced. 

To  achieve  the  performances  of  the  MFGCI,  its  control  scheme 
is  demonstrated  in  Fig.  65.  From  Fig.  65,  it  is  easy  to  find  that  a 
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Fig.  45.  Control  scheme  of  the  MFGCI  studied  by  Kuo  et  al.  (a)  Line-mode  control  diagram  and  (b)  neural-mode  control  diagram. 


Fig.  46.  Single-phase  MFGCI  with  two  stages  for  PV  application  presented  by  De  Souza  et  al. 


Table  21 

Parameters  of  the  single-phase  two-stage  MFGCI  presented  by  De  Souza  et  al. 


Dc-source 

PV  array 

Capacity 

1  kVA 

Voltage  of  utility 
grid 

220  V/60  Hz 

Passive 

Number  of  PV  array  is  20,  rated  voltage  and  current  of  each 

components 

PV  array  are  83.5  V  and  12  A,  respectively,  whose  short- 
current  (Is)  and  open-voltage  (Voc)  are  12.4  A  and  107  V, 
respectively. 

Output  voltage  of  DC/DC  converter  is  400  V,  whose 
switching  frequency  is  100  kHz.  Cin  =  Cjp,F=W00  pF, 

Cei  =  10  pF,  Ce 2  =  5  pF,  Lflip=  50  pH,  Lr=  680  nH,  Co=1000  pF 
Switching  frequency  of  DC/AC  stage  is  20  kHz, 

0^=1000  pF,  LfLF— 1.6  mH,  Lo1=Lo2  =  1.2  mH 

Power  electronic 
devices 

MOSFET  and  IGBT 

Control  strategy 

SPWM  modulation 

Extra  functions 

APF 

DFIG  is  implemented  to  catch  the  wind  energy,  and  a  three-phase 
H-bridge  topology  is  employed  to  be  the  energy  interface.  With 
the  help  of  dc  link  voltage  PI  controller,  the  amplitude  of  the 
reference  current  i  is  obtained.  The  amplitude  multiplies  the  unity- 
quantity  signal  usabc  to  derive  the  reference  current  to  inject  into 
utility.  By  the  means  of  the  PI  controller  and  the  calculator  for 
compensation  current,  the  trigger  pulses  of  IGBTs  can  be  achieved 
by  hysteresis  modulation. 

Marei  et  al.  also  give  a  three-phase  H-bridge  MFGCI  configura¬ 
tion,  and  present  a  harmonic  detection  approach  to  generate  its 
reference  current  named  as  multi  output  adaptive  linear  (MO- 
ADALINE),  as  displayed  in  Fig.  66  and  Table  30  [100,101]. 
The  active  and  reactive  power  generation  of  the  MFGCI  is  con¬ 
trolled  by  id  and  iqt  respectively.  When  the  MFGCI  works  under 
FAPF  mode,  a  fuzzy  logic  controller  (FLC)  is  employed  to  control 
the  voltage  of  dc-bus  and  enhance  the  robustness  of  the  system. 
Meanwhile,  MO-ADALINE  approach  is  implemented  to  detect  the 
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Fig.  47.  Schematic  configuration  of  the  MFGCI  presented  by  De  Souza  et  al. 


compensation  component  of  the  load  current  Icomp  as  shown  in 
Fig.  67.  It  can  be  found  that,  the  detected  harmonic  is  feedback  to 
modify  the  linear  weights  of  neurons.  When  the  algorithm  is 
convergent,  the  outputs  of  neurons  would  be  the  harmonic  current 
of  load  exactly.  It  should  be  noted  that  a  limiter  is  carried  out  to 
prevent  the  reference  current  exceeding  the  rated  one  of 
the  MFGCI. 

Cheng  et  al.  also  depict  a  MFGCI  configuration,  as  presented  in 
Fig.  68,  whose  parameters  are  shown  in  Table  31  [102].  It  can 
compensate  the  unbalance  current  of  local  load,  using  a  droop 
control  strategy,  as  shown  in  Fig.  69.  It  can  be  found  that  the 
control  strategy  employs  “positive-sequence  active  power  and 
frequency  droop”,  and  “positive-sequence  reactive  power  and 
voltage  amplitude  droop”  to  form  reference  voltage.  In  addition, 
a  “negative-sequence  reactive  power  and  conductance  droop”  is 
utilized  to  form  the  negative-sequence  reference  current.  To  accom¬ 
plish  these  droop  controllers,  Park  transformations  in  positive-  and 
negative-sequence  frames  are  applied  to  voltage  and  current. 

Lv  et  al.  have  given  a  MFGCI  configuration  as  demonstrated  in 
Fig.  70,  whose  parameters  are  described  in  Table  32  [103,104]. 
From  the  control  strategy  in  Fig.  71,  it  can  be  seen  that  id-iq 
approach  is  implemented  to  detect  the  compensation  current,  and 
the  dc-link  voltage  is  control  by  the  means  of  d-axis  current  id. 

To  mitigate  the  unbalance  voltage  in  a  DGS  using  GCI,  Mohamed 
and  El  Saadany  have  surveyed  a  MFGCI  system  as  illustrated  in  Fig.  72, 
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Fig.  48.  Block  diagram  of  the  half  bridge  zero-voltage  switch  DC/DC  converter. 


Fig.  49.  Block  diagram  of  the  inverter  stage. 


whose  parameters  are  depicted  in  Table  33  [105].  From  the  control 
principle  diagram  shown  in  Fig.  72(b),  it  can  be  observed  that  a  hybrid 
linear  with  variable  structure  controller  (VSC)  is  implemented  to 
improve  its  performance.  To  correct  the  voltage  unbalance  at  PCC 
due  to  sudden  loading  or  capacitor  switching,  the  control  approach  in 
Fig.  73  is  researched. 

In  order  to  mitigate  the  voltage  flickers  of  the  DGSs  result  from 
arc  furnaces,  arc  welders,  and/or  starting  of  motors  using  MFGCI, 
Marei  et  al.  have  researched  a  DGS  as  shown  in  Fig.  74  [106].  From 
the  control  principle  diagram  as  displayed  in  Fig.  75,  it  can  be 
found  that  Hilbert  transform  is  employed  to  detect  the  magnitude 
of  the  voltage  at  PCC. 

To  control  the  active  and  reactive  power  of  a  GCI  flexibly,  M. 
Saitou  and  T.  Shimizu  have  investigated  a  MFGCI  system  using 
Hilbert  transform,  whose  important  parameters  are  listed  in 
Table  34  [107].  From  the  configuration  of  the  MFGCI  in  Fig.  76,  it 
can  be  concluded  that  the  Hilbert  transform  is  applied  to  calculate 
the  instantaneous  power  and  lock  the  phase  of  utility  easily,  which 
can  avoid  the  complex  and  time-consuming  PLL.  The  reference 
reactive  power  Q*  can  be  set  appropriately  to  satisfy  the  require¬ 
ments  for  RPI  mode  or  reactive  injection  in  some  special  operation 
circumstances. 

Chandhaket  et  al.  also  give  a  three-phase  MFGCI  configuration 
using  soft-switching  technology,  as  demonstrated  in  Fig.  77  and 
Table  35  [108,109].  This  topology  mainly  consists  of  PV  array, 


auxiliary  active  resonant  commutated  snubber  link  (ARCSL),  and 
LCL-filter.  There  are  two  operation  modes  for  this  MFGCI,  as  shown 
in  Fig.  78.  When  the  load  is  small  (less  than  35  kW),  the  converter 
works  as  a  PWM  rectifier,  and  the  utility  charges  the  battery  using 
the  bi-directional  converter.  When  the  load  is  big  (more  than 
50  kW),  the  converter  acts  as  a  GCI  with  APF  functionality,  which 
can  supply  peak  power  and  harmonic  current  to  the  load.  The  control 
strategy  of  this  MFGCI  configuration  is  illustrated  in  Fig.  79. 

From  the  control  diagram  depicted  in  Fig.  79,  it  can  be  found 
that,  due  to  the  utility  voltage  is  used  to  lock  phase,  the  current  iq 
can  determine  the  power  flow  of  the  bi-directional  converter. 
When  the  load  power  PL  is  bigger  than  its  maximum  limitation 
hmax,  set  i*  >  0,  so  the  converter  will  supply  power  to  load.  On  the 
contrary,  when  PL  is  less  than  its  minimum  limitation  PLmin ,  set 
<  0,  thus  the  bi-directional  converter  works  as  a  PWM  rectifier 
to  charge  battery.  Especially,  when  PL  satisfies  PLmin<PL<PLmax ,  an 
optimal  operation  scheme  will  be  carried  out  according  to  the 
state-of-charge  (SOC)  of  the  battery.  It  should  be  noted  that  the 
instantaneous  power  theory  mentioned  before  is  employed  to 
detect  the  harmonic  current. 

Prodanovic  et  al.  have  also  investigated  a  MFGCI  configuration 
as  presented  in  Fig.  80  to  compensate  the  harmonic  and  reactive 
current  of  the  distributed  generation  system  [110,111].  The  basic 
idea  of  the  MFGCI  is  to  implement  the  voltage,  across  the  line 
impedance,  to  enhance  the  power  quality  at  PCC  according  to  the 
configuration  in  Fig.  80(a).  As  shown  in  Fig.  80(b),  the  Kalman 
observer  is  employed  to  detect  the  fundamental  and  harmonic 
components  of  current  and  voltage  for  compensation.  Besides,  a 
power  and  voltage  control  sub-system  is  utilized  to  generate  the 
reference  current  for  power  generation  tracking.  As  shown  in 
Fig.  81,  three  approaches  are  available  to  calculate  the  reactive 
power  control:  (a)  to  keep  the  output  reactive  power  of  the  MFGCI 
following  the  desired  one,  (b)  to  track  the  reference  voltage,  and 
(c)  to  limit  the  voltage  in  a  band  range. 

The  MFGCI  configurations  mentioned  before  mainly  PV  grid- 
connected  systems.  However,  wind  turbine  grid-connected  sys¬ 
tems  can  also  be  implanted  as  MFGCIs  [112-114].  A  MFGCI 
configuration  using  DIFG  is  studied  by  Abolhassani  et  al.  as 
illustrated  in  Fig.  82  and  Table  36.  It  can  suppress  the  harmonic 
current  of  the  nonlinear  load  by  the  means  of  harmonic  current 
compensation  using  the  stator  of  the  DFIG,  whose  control  strategy 
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Fig.  50.  Three-phase  H-bridge  MFGCI  presented  by  Wu  et  al.  (a)  Detailed  configuration  of  the  MFGCI  and  (b)  equivalent  two  ports  model  of  a  three-phase  system. 


Table  22 

Parameters  of  the  three-phase  full-bridge  MFGCI  investigated  by  Wu  et  al. 


Dc-source 

PV  array,  voltage  of  dc-bus  is  400  V 

Capacity 

1.1  kW 

Voltage  of  utility  grid 

110V/60  Hz 

Switching  frequency 

20  kHz 

Passive  components 

Cdc=2200  pF,  Ls= 5  mH 

Control  strategy 

PI  control,  SPWM  modulation 

Extra  function 

APF 
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Fig.  51.  Control  block  diagram  of  proposed  inverter  system  (j=u  or  w). 


is  demonstrated  in  Fig.  83.  As  the  conventional  DFIG  system,  the 
converter  in  generator  side  controls  the  speed  and  torque  of  the 
DFIG.  However,  the  control  of  converter  in  utility  side  can  attach 
harmonic  current  compensation  functionality.  Besides,  the  refer¬ 
ence  harmonic  current  in  d-  and  q-axes,  ieqlh  and  iefLh,  are  added 
as  well. 

The  before  mentioned  MFGCIs  are  mainly  VSIs.  However, 
current-source-inverters  (CSIs)  and  Z-source-inverters  (ZSIs)  can 
also  be  employed  as  MFGCIs.  Gajanayake  et  al.  have  investigated  a 
ZSI  based  MFGCI  configuration  as  shown  in  Fig.  84,  whose 
parameters  are  described  in  Table  37.  To  maintain  the  voltage  at 


PCC,  the  utility  current  Ig  is  controlled  indirectly.  Therefore,  the 
performance  is  greatly  determined  by  the  utility  inductor  Lg.  For  a 
stiff  grid  with  a  small  utility  inductor,  perhaps  the  utility  current 
fully  decouples  with  the  voltage  at  PCC.  In  other  words,  the 
harmonic  currents  across  utility  inductor  can  hardly  distort  the 
voltage  Vpcc. 

As  shown  in  Fig.  85,  its  control  strategy  consists  of  a  PR 
controller  and  a  time  delay  controller,  which  can  satisfy  the 
excellent  steady  and  dynamic  performance  of  the  MFGCI. 
To  maintain  the  power  quality  at  PCC,  the  reference  generator  of 
the  controller  is  a  very  important  component.  An  improved 
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reference  current  generator  is  proposed  by  Gajanayake  et  al.,  as 
displayed  in  Fig.  86  [115].  A  moving  window  RMS  calculator  is 
utilized  to  ensure  the  generated  RMS  value  of  the  MFGCI  output 
current  is  kept  free  from  the  ripple  components.  A  PI  regulator  is 
implemented  to  generate  the  multiplier  JCi  so  as  to  exploit  the 
remaining  capacity  of  the  MFGCI  as  much  as  possible.  Besides,  it 
can  also  prevent  the  damage  to  the  MFGCI  by  the  unwanted 
excessive  current.  It  should  be  noted  that  a  limiter  is  embedded  to 
avoid  the  reference  current  of  the  MFGCI  exceeding  its  rated  one. 

As  previously  mentioned,  the  MFGCIs  mainly  implement 
H-bridge.  However,  multi-level  topology  can  also  be  utilized. 
Tsengenes  and  Adamidis  have  studied  a  MFGCI  configuration  as 
shown  in  Fig.  87,  whose  parameters  are  given  in  Table  38  [116]. 
The  dc  source  of  the  MFGCI  is  comprised  of  PV  arrays  in  parallel. 
In  addition,  a  three-level  neutral  point  clamped  (NPC)  inverter  is 
employed.  To  compensate  the  harmonic  current  of  local  load,  the 
control  strategy  presented  in  Fig.  88  is  implemented.  It  should  be 
noted  that  the  instantaneous  reactive  theory  is  utilized  to  generate 
the  compensating  current  components. 

Note  that  the  MFGCI  topologies  mentioned  before  can  also  be 
suitable  for  other  RESs  application.  For  the  energy  storage  devices, 
for  instance  battery,  super  capacitor,  and  superconductivity,  their 
output  dc  terminals  can  substitute  the  dc-link  of  those  topologies. 
For  the  ac  micro-sources,  for  instance  direct-driven  wind  turbines, 
gas  turbines,  and  flywheels,  there  are  diode  rectifiers  or  PWM 
rectifiers  to  connect  them  to  the  MFGCI  topologies. 

On  the  other  hand,  the  topologies  previously  mentioned  mainly 
take  three-phase  H-bridge  structure.  Because  there  is  no  neutral 
line,  it  can  hardly  compensate  unbalance  load  current  in  three- 
phase  four-wire  system.  To  form  a  neutral  line,  the  split  capacitor 
in  dc-bus  is  a  solution.  Therefore,  the  buffer  capacitor  is  split  into 
two  parts,  and  the  midpoint  of  the  capacitors  is  regarded  as  the 
neural  point.  However,  the  voltages  of  the  two  capacitors  are  hard 
to  balance,  which  is  a  very  important  feature  for  this  kind  of 


^Pu 


Fig.  52.  Detailed  block  diagram  to  decompose  load  currents  into  real,  reactive, 
and  harmonic  components. 


structure.  To  overcome  this  drawback,  some  enhanced  control 
strategy  should  be  carried  out.  In  addition,  the  neural  line  may 
flow  across  big  current,  which  is  another  disadvantage  of  this 
structure.  An  advanced  topology  for  three-phase  four-wire  system 
application  is  the  three-phase  four-bridge  topology.  In  this  kind  of 
topology,  the  fourth  bridge  is  employed  to  control  neural  line, 
therefore  it  will  increase  the  cost  of  system  compared  with  three- 
phase  H-bridge  topology.  However,  the  fourth  bridge  will  greatly 
enhance  the  freedom  of  control  strategy. 


Fig.  54.  Configuration  of  the  MFGCI  presented  by  He  et  al.  in  different  work  mode, 
(a)  Current  control  mode  and  (b)  voltage  control  mode. 


Table  23 

System  parameters  of  the  MFGCI  presented  by  He  et  al. 


Dc  source 

DG,  Vdc=260  V 

Capacity 

5  kVA 

Utility  voltage 

104  V/60  Hz 

Sampling  frequency 

12  kHz 

Passive  components 

DG  impedance:  P  =  1  Q,  L  =  5  mH 

Grid  impedance:  R  =  1  Q,  L= 5  mH 

LC  filter:  L= 2.5  mH,  C=40  pF 

Control  strategy 

Spatial  repetitive  control,  SPWM  modulation 

Extra  functions 

APF 
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Fig.  53.  Control  block  diagram  of  the  MFGCI  in  [90]. 
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Sawant  et  al.  investigate  a  MFGCI  configuration  to  compensate 
the  harmonic  and  unbalance  current  of  load  using  three-phase 
four-bridge  topology,  as  shown  in  Fig.  89,  whose  parameters  are 
listed  in  Table  39  [117].  It  can  be  seen  that  a  back-to-back  converter 
is  implemented  to  connect  a  direct-driven  wind  turbine  to  utility. 
And  the  DC/AC  converter  uses  the  topology  illustrated  in  Fig.  89(b), 
which  is  look  forward  to  act  as  a  MFGCI. 

The  control  strategy  of  the  MFGCI  presented  by  Sawant  et  al. 
can  be  described  as  shown  in  Fig.  90.  There  are  two  algorithms  to 
generate  reference  current  in  pqr  frame,  namely  “reference  power 
control  method  (RPCM)”  and  “reference  current  control  method 
(RCCM)”,  whose  freedoms  are  3  and  4,  respectively.  Meanwhile,  a 
3D-SVPWM  modulation  is  employed  to  generate  the  trigger 
pulses.  In  addition,  Sawant  et  al.  also  gives  a  MFGCI  configuration 
using  split  capacitor  as  shown  in  Fig.  91  [118]. 

Wang  et  al.  have  presented  a  MFGCI  configuration  for  compen¬ 
sation  of  voltage  dig  and  unbalance  using  a  three-phase  four-leg 
topology  as  demonstrated  in  Fig.  92  and  Table  40  [119,120].  From 
Fig.  92,  it  can  be  seen  that  the  sensitive  loads  attached  at  PCC  may 
be  greatly  affected  by  the  unbalance  voltage  of  utility.  Thanks  to 
the  inductors  Lsabc,  the  voltage  at  PCC  can  be  can  be  regulated  by 
the  MFGCI  in  some  certain.  To  achieve  this  functionality,  the 
control  principle  of  the  MFGCI  is  presented  as  depicted  in  Fig.  93(a). 
It  can  be  found  that  a  complex  control  algorithm  is  employed  in 


Table  25 

Parameters  of  the  three-phase  H-bridge  MFGCI  proposed  by  Kim  et  al. 


Dc-source 

PV  array,  battery,  voltage  of  dc-bus  260  V 

Voltage  of  utility  grid 

110  V/60  Hz 

Switching  frequency 

20  kHz 

Passive  components 

Cdc=3500  pF,  If  =7  mH 

Control  strategy 

Hysteresis  modulation 

Extra  functions 

PFC  and  UPS 

Table  24 

Parameters  of  the  MFGCI  presented  by  Yu  et  al. 


Dc  source 
Utility  voltage 
Capacity 
Control  strategy 
Extra  functions 


DG,  vdc=800  V 
380  V 
10  kW 

PI  control,  SPWM  modulation 
APF  and  RPI 


Table  26 

System  parameters  of  the  MFGCI  presented  by  Dasgupta  et  al. 


Dc  source 

DC  source,  VdC=200  V 

Capacity 

75  W 

Utility  voltage 

Approximately  40  V 

Passive  components 

L= 2.5  mH,  R  =  1  Q,  Cdc=180  pF 

Control  strategy 

Lyapunov  control,  SPWM  modulation 

Extra  functions 

APF 

Fig.  56.  Three-phase  H-bridge  MFGCI  presented  by  Kim  et  al. 
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Fig.  59.  Control  scheme  of  the  MFGCI  investigated  by  Dasgupta  et  al. 

Isolation  Transformer 


Table  27 

Parameters  of  the  three-phase  H-bridge  topology 

Ki  r  rUnnrr  ^  1 

Table  28 

Parameters  of  the  MFGCI  presented  by  Naderi  et  al. 

uy  et  ci i. 

Dc  source 

Utility  voltage 

Passive  components 

Control  strategy 

Extra  functions 

DG,  Vdc=1000V 

380  V 

Rs= 0.05  Q,  Ls=l  mH,  Rc=0.1  Q 

PI  control,  hysteresis  modulation 
APF  and  RPI 

Dc-source 

Capacity 

Extra  function 

PV  array 

5  kVA 

PFC  and  APF 

Fig.  63.  Block  diagram  of  the  controller. 

Fig.  61.  Algorithm  to  generate  reference  current. 


Fig.  62.  Single-line  diagram  of  the  MFGCI  and  its  control  principle. 


dual-synchronous  rotating  frames.  Power  generation  tracking  is 
achieved  in  the  positive-sequence  frame.  On  the  other  hand,  the 
unbalance  voltage  correction  is  realized  in  the  negative-sequence 
frame.  It  should  be  noted  that  a  <9-shift  is  utilized  to  form  the 
reference  current  in  negative-sequence  to  compensate  unbalance 
component  of  the  utility  voltage.  Besides,  the  active  power  of  the 
MFGCI  is  regulated  by  a  PI  controller.  Additionally,  a  direction 
control  is  embedded.  Thus,  if  kdir=- 1,  the  MFGCI  can  interface  the 
DG  to  utility;  whereas,  the  energy  of  utility  can  be  fed  to  energy 
storage  DG,  such  as  batteries,  when  kdir=  1.  Furthermore,  a  novel 
algorithm  named  as  multi-variable  filter  is  proposed  to  separate 
the  positive-  and  negative-sequence  components  of  the  unbalance 
utility  voltage,  as  proposed  in  Fig.  93(b). 

Pinto  et  al.  have  given  a  MFGCI  configuration  as  shown  in 
Fig.  94,  whose  parameters  are  described  in  Table  41  [121]. 
Its  control  strategy  is  given  in  Fig.  95,  from  which  it  can  be  found 
that  instantaneous  power  theory  is  employed  to  form  the  harmo¬ 
nic  and  unbalance  current  for  compensation. 
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Although  three-phase  four-bridge  topology  may  be  a  good 
choice  for  the  MFGCI  application  in  three-phase  four-wire  utility 
system,  three-phase  full-bridge  topology  may  be  also  suitable  for 
some  consideration.  Especially,  the  increasing  cost  due  to  4  more 
IGBTs  may  be  less  than  the  benefit  due  to  voltage  and  current 
reduce  of  IGBTs,  compared  with  three-phase  four-bridge  structure. 
On  the  other  hand,  the  bulk  transformers  in  three-phase  full- 
bridge  structure  can  provide  reliable  and  effective  isolation,  which 
is  greatly  suitable  for  some  situations  required  high  reliability. 
It  should  be  note  that  the  ac  side  of  this  topology  can  be  decoupled, 
therefore  three  single-phase  GCI  can  be  totally  independent  and 
flexibly  operate  in  parallel.  Of  cause,  this  topology  can  also  be 


Table  29 

Parameters  of  the  single-phase  full-bridge  MFGCI  presented  by  Mohod  et  al. 


Dc  source 

Battery,  the  voltage  of  dc-link  is  Vdc=800  V 

Capacity 

150  kW 

Utility  voltage 

Three-phase  415  V/50  Hz 

Passive 

Micro-wind  generator:  150  kW,  415  V,  50  Hz,  4  poles, 

components 

Rs  =  0.01  Q,  Rr=0.015  Q,  Ls=0.06  H,  Lr= 0.06  H,  wind 
velocity  5  m/s 

Battery:  dc  800  V,  cell  capacity  500  Ah,  type-lead  acid 
Transformer:  1  kVA,  Y-Y  type,  415/800  V,  50  Hz 

Load:  three-phase  nonlinear  load,  R  =  10Q,  C=1  pF 

Power  electronic 

IGBT:  rated  voltage  1200  V,  forward  current  50  A,  gate 

devices 

voltage  +  20  V,  turn-on  delay  70  ns,  turn-off  delay  400  ns, 
power  dissipation  300  W 

Control  strategy 

PI  control,  hysteresis  modulation 

Extra  functions 

APF 

Three-phase  415V,  50Hz 
Point  of  Common  Coupling 


decoupled  in  dc  side,  which  can  connect  three  independent  micro¬ 
sources  to  utility.  It  is  particularly  suitable  for  energy  storage  devices 
application.  Because  of  the  dc  decoupling,  three  energy  storage 
devices  can  be  controlled  independently,  so  the  SOC  of  different 
energy  storage  devices  can  be  easy  to  balance.  Additionally,  the  dc 
voltage  can  be  low,  and  the  set-up  DC/DC  converter  with  high  gain 
can  be  cancelled. 


Table  30 

Parameters  of  the  three-phase  H-bridge  topology  by  Marei  et  al. 


Dc-source  Micro-source,  voltage  of  dc-bus  Vdc=500  V 

Voltage  of  utility  200  V  (RMS  value  of  line-voltage)/60  Hz 
grid 

Passive  Ls=  1  mH,  Rs  =  0.07  Q,  Lc=1.6  mH,  R  =  1  Q,  L= 3  mH, 

components  Rb=0.1  Q,  Lb  =  1.68  mH,  Rc=5  Q,  Ldc= 3.5  mH,  Rdc=l. 5-3.5  Q 

Control  strategy  FLC  control,  PI  control,  SPWM  modulation 
Extra  function  APF 
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Fig.  65.  Control  scheme  of  the  MFGCI  studied  by  Mohod  et  al. 
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Fig.  67.  Control  diagram  of  the  MFGCI  configuration  presented  by  Marei  et  al.  (a)  Schematic  diagram  of  the  control  strategy  and  (b)  block  diagram  of  the  detection  approach 
using  adaptive  neurons. 


Load  1  Load  2 

Fig.  68.  MFGCI  configuration  presented  by  Cheng  et  al. 


Table  31 

Parameters  of  the  three  phase  H-bridge  topology  by  Cheng  et  al. 


Dc-source 

Micro-source,  Vdc=380  V 

Voltage  of 

220  V(RMS  value  of  line-voltage)/60  Hz 

utility  grid 
Capacity 

1  kVA 

Switching 

20  kHz 

frequency 

Passive 

Two-phase  unbalance  load  46.6  Q,  three- 

components 

phase  balance  load  280  Q 

Control 

Droop  control,  PI  control,  SPWM  modulation 

strategy 

Extra  function 

Unbalance  compensation 

Fig.  69.  Droop  control  strategy  of  the  MFGCI  configuration  proposed  by  Cheng  et  al. 


Majumder  et  al.  give  a  MFGCI  configuration  using  three-phase 
full-bridge  structure,  as  explained  in  Fig.  96  [122,123].  In  addition, 
an  ac  MG  application  with  this  kind  of  MFGCI  is  studied. 

For  each  MFGCI,  to  prevent  the  total  reference  current,  com¬ 
posed  of  power  generation  tracking  and  power  quality  compensa¬ 
tion  functionalities,  exceeding  its  rated  one,  an  algorithm  to 
calculate  the  reference  current  is  presented.  When  the  rated 
apparent  of  MFGCI  is  larger  than  the  demand  of  harmonic  and 


unbalance  loads,  it  takes 

{PmG  —  P  comp, rated~P  Lav  <  0  (11) 

Q-MG  =  Qcomp, rated- 0-Lav  <  0 

where  PmgIQmg,  PlovIQlov ,  and  PComplQcomp,  are  the  active  and 
reactive  power  supplied  by  the  MG,  the  demanded  of  load,  and 
supplied  by  MFGCI,  respectively.  Furthermore,  the  compensation 
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power  supplied  by  the  MFGCI  can  be  expressed  as 


lcomp,a 

IN  La 

l 

+  K 

3  PMG^pa  +  V3  QMG(vpb~vpc) 

lcomp,b 

_ 

lNLb 

3  PMGVpb  +  V/3Q.Mc(vpc-Vpa) 

lcomp,c 

_  IjVLc  . 

3  PmGvpc  +  a/3' QMG(vpa-Vpb) 

where  I<  =  v2a  +  v2b  +  v2c  is  the  sum  of  square  of  each  utility 
phase-voltage.  When  the  rated  apparent  power  of  the  MFGCI  is 
less  than  the  demand  of  loads,  it  takes 

(12)  (  PmG  —  PLav~Pcomp  —  Ptav- ^pPtav  —  PLav(l— ^p)  >  0 

I  Q.MG  =  Q-Lav—Q-comp  =  Q-Lav — Q-Lav  =  Q.LavO— Af)  >  0 


where  2Pe(0, 1)  and  2Qe(0,  1)  are  compensation  coefficients  of  the 
MFGCI.  It  is  easy  to  found  that  the  MG  will  supply  part  of  harmonic 
and  reactive  current  of  the  load,  when  the  MFGCI  cannot  satisfy 
the  demand  of  loads  fully.  In  this  constitution,  the  reference 
current  of  the  MFGCI  can  be  written  as 


lcomp,a 

IN  La 

1 

~K 

3PLav(l-^p)Vpa  +  \/3  Q^MG(^~^Q)^pb~^pc) 

homp,b 

= 

i-NLb 

3PLav(^“^p)Vpb  +  n/^QjvjgCI  — ^ 2())(VpC— Vpa) 

lcomp,c 

iNLc 

3PLav(l-ip)Vpc  +  *y3Qi\/iG(l-—ylQ)(Vpa—Vpb) 

Table  32 

Parameters  of  the  three  phase  full  bridge  topology  by  Lv  et  al. 


Dc-source 
Voltage  of  utility 
grid 

Capacity 

Switching  frequency 
Passive  components 

Control  strategy 
Extra  function 


Micro-source,  Vdc=1000V 

230  V(RMS  value  of  phase-voltage)/50  Hz 

400  kVA 
12.8  kHz 

Buffer  capacitor  Cdc=10  mF;  LC  filter  L/=  0.2  mH, 
Cf=  30  |iF 

PI  control,  SPWM  modulation 
APF 


Table  33 

Parameters  of  the  single-phase  full-bridge  MFGCI  presented  by  Mohamed  and 
E.F.  El  Saadany. 


Dc  source 
Utility  voltage 
Passive 
components 

Switching 
frequency 
Control 
strategy 
Extra  functions 


DG,  Vdc=600  V 
110V/60  Hz 

Ls=l  mH,  Rs=0.08  Q,  L= 2.5  mH,  R  =  1  Q;  load  L-j :  20  kW  at  a 
lagging  power  factor  0.9;  load  L2\  30  kW  at  a  lagging  power 
factor  0.85;  switching  capacitor:  20  kVAR 
6.7  kHz 

Hybrid  linear  with  variable-structure  control,  SPWM 
DVR 


Fig.  71.  Control  strategy  of  the  MFGCI  configuration  proposed  by  Lv  et  al. 
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Fig.  72.  Configuration  of  the  MFGCI  studied  by  Mohamed  and  El  Saadany.  (a)  Overview  diagram  and  (b)  detailed  block  diagram  of  the  MFGCI. 
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Hybrid  Linear  with  Variable -structure 
Active  Power  Controller 


Fig.  73.  Control  strategy  for  unbalance  voltage  correction. 


PCC 


l  a  l b  l  c 


Fig.  75.  Control  strategy  of  the  MFGCI  presented  by  Marei  et  al. 


Table  34 

Parameters  of  the  single-phase  full-bridge  MFGCI 
presented  by  Saitou  and  Shimizu. 


Dc  source 

Battery,  Vdc=600V 

Utility  voltage 

110V/50  Hz 

Passive  components 

Ls=1.2  mH 

Switching  frequency 

15  kHz 

Control  strategy 

PI,  SPWM 

Extra  functions 

RPI 

The  control  strategy  of  this  configuration  is  depicted  in  Fig.  97. 
According  to  the  reference  current  computation  as  mentioned  above, 
a  linear  quadratic  regulator  (LQR)  and  the  hysteresis  modulation  are 
employed  to  generate  of  the  trigger  pulses  of  the  IGBTs. 


In  [112],  Majumder  et  al.  have  noticed  that  there  may  be  several 
MFGCIs  in  a  MG,  it  is  very  important  to  exploit  the  coordination 
control  of  multiple  MFGCIs.  As  a  consequence,  a  coordination 
control  strategy  using  communication  lines  is  discussed  in  [112]  as 
demonstrated  in  Fig.  98.  However,  this  coordination  control 
approach  may  be  hardly  suitable  for  some  complex  MGs,  because 
the  communication  lines  may  be  very  long  and  hard  to  expand,  the 
reliability  and  flexibility  of  the  MGs  are  lowered,  as  well  as  some 
excellent  features,  for  instance  plug-and-play  and  hot-swap, 
cannot  be  achieved.  Therefore,  it  is  very  necessary  to  study  the 
coordination  control  strategy  without  communication  lines. 

The  MFGCI  configurations  mentioned  before  can  act  as  APF  and 
compensate  the  harmonic  and  reactive  current  of  the  local  load. 
However,  the  harmonic  and  reactive  current  can  also  be  absorbed 
by  passive  filters.  Although,  the  fast  dynamic  response  and  good 
robustness  are  the  advantages  of  APF,  it  cannot  avoid  that  the  APF 
filters  are  expensive  compared  with  passive  filters.  On  the  con¬ 
trary,  the  system  parameters  of  passive  filters  may  be  varied  with 
the  operation  condition,  but  they  are  cheap  and  reliable.  To  fully 
utilize  the  advantages  of  active  and  passive  filters,  Chen  et  al.  have 
given  a  DGS  configuration  including  a  MFGCI  and  passive  filters,  as 
exhibited  in  Fig.  99,  whose  parameters  are  given  in  Table  42  [17]. 
In  this  system,  the  MFGCI  and  the  utility  grid  are  the  sources,  for 
the  power  quality  conditioners,  the  passive  filters  are  installed  at 
the  terminals  of  loads;  while  the  MFGCI  is  equipped  at  the  PCC. 
The  inductors  of  utility  are  split  as  Ls  and  Lt,  while  the  impedances 
of  loads  are  ZLi  (i=l,  2,  ...,  5).  Note  that  the  load  1,  load  2,  and  load 
3  are  fed  by  passive  filters  in  parallel,  while  the  other  loads  are  fed 
by  passive  filters  in  series. 

The  control  strategy  of  the  MFGCI  is  introduced  in  Fig.  100. 
The  Fast  Fourier  Transform  (FFT)  is  employed  to  detect  the 
fundamental  component  of  the  voltage.  Simultaneously,  the  com¬ 
pensation  current  of  the  equivalent  load  current  iabc  is  identified 
using  instantaneous  reactive  power  theory.  It  is  worth  nothing  to 
note  that  a  SPWM  modulation  is  also  used  to  generate  the  trigger 
pulses  of  voltage  source  converter  (VSC).  According  to  this  control 
strategy,  the  PMSG  can  inject  active,  reactive,  and  harmonic 
current  to  the  DGS.  As  a  consequence,  the  utility  just  need  absorb 
or  supply  fundamental  active  current.  The  power  flow  of  this 
configuration  is  illustrated  in  Fig.  101. 

So  far,  the  previously  mentioned  MFGCIs  mainly  catch  the  extra 
compensation  functionalities  in  parallel  such  as  APF,  PFC,  and  UPS 
and  so  on.  To  expand  the  extra  functionalities  of  the  MFGCIs,  Han 
et  al.  have  investigated  a  MFGCI  configuration,  as  depicted  in 
Fig.  102,  whose  parameters  are  listed  in  Table  43  [124].  This  MFGCI 
can  perform  the  power  quality  condition  functionalities  like 
an  UPQC. 

From  the  configuration  in  Fig.  102,  it  can  be  seen  that  the  dc- 
source  of  this  MFGCI  is  connected  to  a  distributed  generator  (DG), 
which  is  different  from  an  UPQC  has  the  same  topology. 
A  schematic  diagram  of  its  control  principle  is  depicted  in  Fig.  103. 
The  conventional  UPQC  directly  absorbs  power  to  maintain  the 
voltage  of  the  dc-link,  while  the  dc-link  of  the  MFGCI  is  fed  by  RESs 
and/or  energy  storage  devices.  It  should  be  noted  that  the  series 
converter  works  just  when  the  utility  voltage  is  sag,  swell,  and/or 
unbalance;  on  the  contrary,  the  parallel  converter  works  all  the  time 
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Fig.  77.  Utility  connected  bi-directional  soft-switching  MFGCI  presented  by  Chandhaket  et  al. 


Table  35 

Parameters  of  the  MFGCI  proposed  by  Chandhaket  et  al. 


Dc-source 

Capacity 

Voltage  of  utility  grid 
Sampling  frequency 
parameters 
Control  strategy 
Extra  function 


Micro-source,  Vdc=440V 
20  kVA 

200  V  (RMS  value  of  line-voltage)/60  Hz 
12  kHz 

Lb  =  0.1  H,  Rbl=0.05  Q,  Rb2  =  0.05  Q,  Cb=  1  F,  I/=3  mH,  RLf=  0.05  Q,  Cr=  55  |jF,  Cn  =  9.7  mF 
PI,  space  vector  pulse  width  modulation  (SVPWM) 

PWM  rectifier,  APF 


Fig.  78.  Two  operation  modes  of  the  MFGCI  configuration  presented  by  Chandhaket  et  al.  (a)  Energy  supply  (inverter)  mode  and  (b)  energy  storage  (rectifier)  mode. 


Fig.  79.  Control  strategy  of  the  MFGCI  configuration  presented  by  Chandhaket  et  al. 


as  the  interface  to  generate  active  power  and  compensate  power 
quality  issues. 

Fig.  104  shows  the  configuration  of  the  parallel  converter, 
which  is  the  same  as  conventional  three-phase  GCI.  For  the  DG 
subsystem,  the  voltage  of  the  DG  is  detected  to  control  the 
terminal  voltage  of  DG  is  stable,  which  is  fed  by  a  transformer 
and  a  diode  rectifier.  The  PLL  is  employed  to  catch  the  phase  of  the 
positive-sequence  utility  voltage,  which  can  avoid  the  disturbance 
from  unbalance  and  distorted  components  of  utility  voltage.  For 
the  series  converter,  its  output  voltage  and  current  are  sampled  to 
control  the  compensation  voltage  in  series.  The  shunt  converter 
samples  its  output  current,  the  voltage  and  current  of  loads  to 
supply  the  harmonic  current  to  nonlinear  load. 


In  detail,  the  control  strategy  of  series  converter  is  demon¬ 
strated  in  Fig.  105.  The  deviation  between  the  standard  and 
sampled  utility  voltage,  namely  Vref  and  Vs,  derive  the  reference 
voltage  of  converter  V*.  Then  a  PI  regulator  is  utilized  to  form  the 
reference  current  JjF.  Due  to  the  outer  current  loop,  the  modula¬ 
tion  signal  for  PWM  logic  V*  is  achieved  to  generate  the  trigger 
pulses  of  IGBTs. 

The  shunt  converter  has  two  operation  modes,  namely  APF 
mode  and  UPS  mode.  In  APF  mode,  the  shunt  converter  acts  as  a 
current-controlled  source,  whose  control  diagram  is  introduced  in 
Fig.  106.  The  detected  positive-sequence  voltage  v'Sa(j  and  load 
current  iLaP  in  a[3  frame  can  be  utilized  to  calculate  the  instanta¬ 
neous  power  p  and  q.  It  should  be  noted  that  the  regulator  of  dc- 
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Fig.  80.  Configuration  of  the  MFGCI  presented  by  Prodanovic  et  al.  (a)  Overall  system  and  (b)  system  architecture  in  detail. 


Fig.  81.  Detailed  block  diagram  for  power  and  voltage  control. 


Fig.  82.  Block  diagram  of  the  proposed  method. 


Table  36 

Parameters  of  the  three  phase  full  bridge  topology 
by  Abolhassani  et  al. 


Dc-source  DFIG 

Capacity  7.5  kW 

Voltage  of  utility  grid  230  V/60  Hz 

Sampling  frequency  20  kHz 

Extra  function  APF 


bus  can  be  added  to  active  power  control  loop,  and  instantaneous 
power  theory  is  employed  to  form  the  reference  current.  The  detailed 
block  diagram  of  controller  is  explained  in  Fig.  107.  Furthermore,  a 
current  regulator  and  a  forward  controller  are  employed  to  form  the 
modulation  signal.  However,  when  the  shunt  converter  works  under 
UPS  mode,  it  acts  as  a  voltage-controlled  source,  as  depicted  in 
Fig.  107.  Under  such  mode,  an  outer  voltage  loop  and  an  inner  current 
loop  are  utilized,  which  is  simpler  compared  to  APF  mode.  Associated 
with  protection  circuit,  the  modulation  signal,  and  PWM  logic,  the 
trigger  pulses  of  IGBTs  are  achieved. 


Similarly,  Li  et  al.  also  have  researched  a  MFGCI  configuration 
including  three-phase  four-bridge  shunt  and  series  converters,  as 
shown  in  Fig.  108,  whose  parameters  are  described  in  Table  44 
[125,126].  When  the  utility  grid  is  interrupted,  the  shunt  converter 
A  acts  as  an  UPS  to  supply  the  sensitive  load.  When  the  utility 
voltage  is  distorted,  the  series  converter  B  can  compensation  the 
harmonic  voltage  components  to  satisfy  sensitive  load. 

When  the  utility  voltage  is  interrupted,  the  MFGCI  acts  as  an 
UPS  and  generate  a  stable  voltage.  The  brief  and  detailed  control 
diagrams  are  exhibited  in  Fig.  109.  It  can  be  found  that,  the 
deviations  of  power  angle  and  voltage  amplitude  are  used  to 
regulate  the  output  active  and  reactive  power  of  converter  A, 
which  yields  its  reference  voltage  in  a/30  frame.  Then  complex 
controllers  in  positive-,  negative-,  and  zero-sequence  are 
employed  to  accurately  track  the  reference  voltage. 

The  control  strategy  of  series  converter  is  given  in  Fig.  110.  From 
the  overall  block  diagram  in  Fig.  110(a),  it  can  be  seen  that  the 
control  strategy  is  comprised  of  an  outer  current  loop  and  an  inner 
voltage  loop.  A  detailed  description  is  available  in  Fig.  110(b).  PI 
regulators  in  dq-axis  and  cross-decoupling  terms  are  utilized  in 
the  outer  current  loop,  while  a  PR  controller  is  employed  in  0-axis. 
The  inner  voltage  loop  is  shown  in  Fig.  110(c).  Similarly,  PR 
controllers  are  implemented,  where  1 /JCin  =  Vdc/2  is  the  amplifica¬ 
tion  coefficient  of  the  inverter. 

It  should  be  noted  that  the  control  strategy  of  shunt  converter  is 
given  in  Fig.  Ill  to  keep  the  terminal  voltage  of  load,  when  the  utility 
voltage  sags.  Because  there  may  be  large  current  across  shunt 
converter  to  damage  the  power  electronic  devices,  a  control  approach 
named  as  flux-charge  scheme  is  proposed  for  series  converter.  Due  to 
the  approach  in  Fig.  Ill,  the  series  converter  can  be  viewed  as  a 
virtual  inductor  to  limit  the  possible  over-current  of  shunt  converter, 
which  can  ride-through  the  utility  voltage  sag  effectively. 

Wang  et  al.  have  described  a  UPQC-based  MFGCI  configuration 
as  shown  in  Fig.  112,  whose  parameters  are  listed  in  Table  45  [127]. 
The  MFGCI  in  Fig.  112(a)  can  be  implemented  to  a  micro-grid  as 
shown  in  Fig.  112(b)  to  enhance  its  power  quality  at  PCC.  A  detailed 
diagram  of  the  MFGCI  is  shown  in  Fig.  112(c),  as  well  as  its  control 
scheme  is  described  in  Fig.  113. 

According  to  the  control  principle  of  the  parallel  converter  as 
depicted  in  Fig.  113(a)  and  (b),  PR  controllers  GCapr{s)  are  utilized,  in 
such  a  way  that  an  excellent  steady  state  feature  can  be  obtained. 
Besides,  the  transfers  Fiapr(s)=KfIsl{s+27rfhp),  are  employed  to 
enhance  the  disturbance  sensitivity  of  the  MFGCI.  Furthermore, 
Fia/jy(s)=Kff  e~Td  is  transfer  delay  function,  where  %  denotes  the 
forward  gain.  Similarly,  the  control  scheme  of  the  series  converter 
can  be  illustrated  as  shown  in  Fig.  113(c)  and  (d).  It  should  be 
noted  that  a  weighted  currents  feedback  control  approach  is 
utilized  to  reduce  the  third-order  LCL-filter  model  as  a  first- 
order  one  [128]. 
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Fig.  83.  Block  diagram  of  the  rotor  side  controller  of  the  alternator/active  filter  for  adjustable  wind  turbine. 


a 


b 


Inverter 


Fig.  84.  Schematic  and  detailed  diagram  of  the  MFGCI  presented  by  Gajanayake  et  al.  (a)  Overview  diagram  and  (b)  configuration  of  the  MFGCI  using  ZSI  in  detail. 


Table  37 

Parameters  of  the  single-phase  full-bridge  MFGCI  presented  by  Gajanayake  et  al. 


Dc  source 

The  voltage  of  dc-link  is  Vdc= 60-100  V 

Capacity 

1  kVA 

Utility  voltage 

RMS  voltage  of  each  phase  35  V 

Passive  components 

Lf— 10  mH,  L  =  3.5  mH,  C=1500  |_iF,  Lg=  1.6  mH 

Control  strategy 

PR  and  PI  control,  SPWM  modulation 

Extra  functions 

APF 

Fig.  85.  Controller  for  ac  side  of  the  MFGCI. 


Yu  et  al.  have  given  a  similar  MFGCI  configuration,  as  demon¬ 
strated  in  Fig.  114  [129].  It  can  be  found  that,  the  MFGCI  and  MG 
share  the  dc-bus,  while  the  parallel  converter  connects  to  ac-bus. 
It  should  be  noted  that  the  series  converter  embeds  ac  lines,  which 
can  compensate  utility  interruption. 

The  parallel  converter  is  used  to  compensate  the  harmonic 
current  of  nonlinear  load,  as  well  as,  the  simplified  equivalent 
circuit  is  exhibited  in  Fig.  115,  while  the  control  of  parallel 
converter  is  shown  in  Fig.  116.  A  current  loop  is  employed  to 


Fig.  86.  Reference  current  generator  for  power  quality  improvement. 


track  the  fundamental  and  harmonic  current  components 
injected  into  utility.  Because  the  amplitude  of  harmonic  current 
and  its  order  satisfy  a  hyperbolic  function  for  diode  rectifier  load 
(and  fifth  and  seventh  components  are  major  part),  for  con¬ 
venient,  a  PR  controller  for  the  sixth  order  harmonic  is 
employed  to  accurately  compensate  the  fifth  and  seventh 
harmonic  components. 

Fig.  117  illustrates  the  equivalent  circuit  and  the  control 
strategy  of  the  series  converter.  The  series  converter  can  compen¬ 
sate  the  voltage  sag  or  swell,  by  the  means  of  the  outer  voltage 
loop  and  the  inner  current  loop.  As  a  result,  the  voltage  of  the  MG 
at  PCC  can  satisfy  standards. 
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Table  38 

Parameters  of  the  MFGCI  presented  by  Tsengenes  and  Adamidis. 


Dc  source  PV  array,  i;dcrej=1100  V 

Utility  voltage  230  V 

Passive  components  ftc=0.1  Q,  Lc=0.81  mH,  Ci  =  C2=4  mF 

Control  strategy  PI  control,  SVPWM  modulation 

Extra  functions  APF 


PV 


Fig.  88.  Control  strategy  of  the  MFGCI  proposed  by  Tsengenes  and  Adamidis. 
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Fig.  89.  Three-phase  four-leg  MFGCI  presented  by  Sawant  et  al.  (a)  System  configuration  and  (b)  three-phase  four-bridge  converter. 
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Table  39 

Parameters  of  the  three-phase  four-leg  MFGCI  proposed  by  Sawant  et  al. 


Dc-source 

Wind  turbine,  voltage  of  dc-bus  Vdc=800  V 

Voltage  of  utility  grid 

220  V/50  Hz 

Switching  frequency 

10  kHz 

Passive  components 

Ls  =  1.2  mH,  Rs  =10  mQ,  20  mQ,  L,  =  2.4  mH  (i  =  a,  b,  c),  Rn  =  20  mQ,  Ln  =  30  mH 

Control  strategy 

3D-SVPWM  modulation 

Extra  function 

APF 
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Fig.  90.  Schematic  block  diagram  of  the  MFGCI  with  four-leg  voltage-source  converter. 


Fig.  92.  Schematic  diagram  of  the  MFGCI. 
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Table  40 

Parameters  of  the  single-phase  full-bridge  MFGCI  presented  by  Wang  et  al. 


Dc  source 

PV  array 

Capacity 

1  kW 

Utility  voltage 

110  V/50  Hz 

Passive 

Li  =  5  mH,  C/=4  pF,  L/=  2.5  mH;  diode  rectifier 

components 

L=  150  mH,  R  =  35  Q 

Switching 

10  kHz 

frequency 

Control  strategy 

PI  control,  SPWM 

Extra  functions 

APF 

Fig.  93.  Reference  current  generation  for  the  MFGCI  presented  by  Wang  et  al.  (a)  Block  diagram  of  the  control  principle  and  (b)  the  novel  algorithm  for  positive-  and 
negative-sequence  detection. 


b 


Fig.  94.  Three-phase  four-leg  MFGCI  configuration  researched  by  Pinto  et  al.  (a)  System  configuration  and  (b)  interface  system  and  p-q  theory  power  components. 
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Table  41 

Parameters  of  the  three-phase  four-leg  MFGCI  presented  by  Pinto  et  al. 


Voltage  of  utility  grid 

75  V/50  Hz 

Switching  frequency 

10  kHz 

Passive  components 

Unbalance  loads:  200  mH,  200  mH,  0  mH  Nonlinear  loads:  60  Q,  68  mH 

Power  electronic  devices 

IGBT 

Extra  function 

APF  and  unbalance  compensation 

Fig.  96.  MG  and  utility  system  under  consideration  by  Majumder  et  al.  (a)  Micro-grid  with  two  MFGCIs,  (b)  configuration  of  the  MFGCI  and  (c)  the  power  flow  of  the  system. 
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Fig.  97.  Control  strategy  of  the  MFGCI  topology  presented  by  Majumder  et  al. 


When  the  utility  grid  is  interrupted,  the  MG  transfers  to 
islanded  mode.  Meanwhile  the  parallel  converter  acts  as  an  UPS 
and  supply  reference  voltage  for  other  GCIs  and  loads  in  the  MG  to 
keep  the  MG  stable. 
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Fig.  98.  A  MG  structure  with  several  MFGCIs  and  loads. 
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Table  42 

Parameters  of  the  system  studied  by  Chen  et  al. 


Dc-source 

Switching 

frequency 

Passive 

components 


Control  strategy 
Extra  functions 


PMG  (permanent  magnet  generator),  voltage  of  dc-bus  Vdc=960  V 
3.15  kHz 

Load  1  is  a  thyristor  rectifier  in  three-phase,  whose  trigger  angle  is  58°.  The  active  and  reactive  power  of  passive  filter  PF  1  are  P=290  kW 
and  Q=-457  kW 

Load  2  is  a  diode  rectifier  in  single-phase.  The  active  and  reactive  power  of  passive  filter  PF  2  are  P=-134  kW  and  Q=-167  kW,  whose  unbalance 
coefficient  is  8.2% 

Load  3  is  a  thyristor  rectifier  in  three-phase,  whose  trigger  angle  is  10°.  The  active  and  reactive  power  of  passive  filter  PF  3  are  P=-110  kW  and 
Q=-8  kW 

Load  4  is  a  diode  rectifier  in  three-phase.  The  active  and  reactive  power  of  passive  filter  LCL  4  are  P=- 60  kW  and  Q=-0.4  kW 
Load  5  is  a  diode  rectifier  in  three-phase.  The  active  and  reactive  power  of  passive  filter  LCL  5  are  P=- 30  kW  and  Q=75  kW 
The  system  inductors  are  Ls=0.01  mH  and  Lt=0.16  mH 
SPWM  modulation 

APF,  unbalance  and  harmonic  current  compensation  using  passive  filters 


Fig.  100.  Block  diagram  of  the  control  system  for  the  VSC  with  FFT  for  functional  voltage  extraction. 


P load  —DG  P wind 


Fig.  101.  Possible  instantaneous  power  relation  in  the  studied  system. 


6.  Analysis  and  discussion 

MFGCIs  are  special  GCIs,  whose  control  strategies  can  partly 
inherit  the  ones  of  conventional  GCIs.  MFGCIS  can  be  classified  as 
many  categories  according  to  different  considerations,  as  exhibited 
in  Fig.  118. 

According  to  the  utility,  MFGCIs  can  be  classified  as  depicted 
in  Fig.  118(a).  It  can  be  seen  that  single-phase  and  three- 
phase  utility  application  drawn  more  attention;  whereas, 
there  has  no  MFGCI  for  two-phase  system  application.  However, 


two-phase  utility  grids  are  widely  implemented  in  railway  sys¬ 
tems.  Thus,  this  research  point  maybe  encouraging  in  the 
following  years. 

From  the  view  of  modulation  in  Fig.  118(b),  the  control 
strategies  of  MFGCIs  can  be  classified  as  three  categories,  namely 
hysteresis,  SPWM,  and  SVPWM  [130,131].  Among  them,  the 
hysteresis  modulation  has  the  advantage  of  fast  dynamic  response. 
However,  the  switching  frequency  is  not  constant  in  hysteresis 
modulation,  and  some  improved  hysteresis  modulation  approaches 
with  constant  switching  frequency  are  very  complex  [132].  Therefore 
it  may  burden  the  filter  and  controller  design.  On  the  contrary,  the 
SPWM  modulation  has  gained  common  attention  due  to  its  constant 
switching  frequency  and  flexible  control  approaches.  For  instance, 
PI  control  [133],  PR  control  [134],  weighted  currents  feedback 
control  [128],  deadbeat  control  [135],  repetitive  control  [136,137], 
iterative  learning  control  [138],  and  robust  control  [139]  all  can  be 
implemented  on  SPWM  modulation.  However,  the  obvious  drawback 
of  SPWM  modulation  is  the  low  efficiency  of  dc  voltage.  Besides, 
SVPWM  is  good  modulation  due  to  its  high  efficiency  of  dc  voltage, 
which  utilizes  eight  space  voltage  vectors  to  approximately  emulate 
the  rotating  voltage  vector.  It  also  has  the  advantages  of  constant 
switching  frequency  and  flexible  control  approaches.  In  general,  the 
control  approaches  suitable  for  the  SPWM  can  be  implemented  on 
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Fig.  102.  Three-phase  H-bridge  MFGCI  used  as  UPQC  presented  by  Han  et  al.  (a)  Overview  block  diagram  and  (b)  inverter  stage  of  the  MFGCI. 


Table  43 

Parameters  of  the  MFGCI  presented  by  Han  et  al. 


Dc-source 

DG,  voltage  of  dc-bus  Vdc=700  V 

Voltage  of  utility  grid 

220  V/60  Hz 

Switching  frequency 

10  kHz 

Passive  components 

Buffer  capacitor  Ci  =  C2  =  6600  pF 

Parallel  converter,  filter  Lf=  600  pH,  C/=  40  pF,  switching  frequency  10  kHz 

Series  converter,  filter  Lf=  600  pH,  C/=  40  pF,  switching  frequency  10  kHz,  the  rounding  ratio  of  transformer  500:100,  capacity  6  kVA 
Capacity  of  nonlinear  load  and  linear  load  are  17.54  kVA  and  3.27  kVA,  respectively 

DG,  capacity  30  kW,  rounding  ratio  of  transformer  380:500  V,  voltage  of  diode  rectifier  700  V 

Inductor  of  system  R  =  1  mQ,  L=0.01  mH 

Control  strategy 

PI  control 

Extra  function 

UPQC  (APF,  voltage  sag/swell/interruption  compensation) 

SVPWM  modulation.  However,  SVPWM  modulation  is  more  compli¬ 
cated  to  achieve  on  DSP  than  SPWM. 

From  the  view  of  auxiliary  functionalities  of  MFGCIs,  they 
can  be  classified  as  illustrated  in  Fig.  118(c).  Because  the  GCIs  are 
usual  CC-VSIs,  the  ancillary  services  of  MFGCIs  to  enhance  power 


quality  on  current  issues  can  easily  be  embedded  in.  However,  the 
functionalities  for  voltage  issues  are  hardly  achieved  using  the  CC- 
VSIs  GCIs.  Thus,  some  special  topologies  are  expected.  As  men¬ 
tioned  before,  the  MFGCIs  can  act  as  APF,  RPI,  PFC,  unbalance 
compensation  (UC),  DVR,  harmonic  voltage  compensation 
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Fig.  104.  Shunt  inverter  control  block  diagram. 


Fig.  105.  Series  inverter  control  block  diagram. 


(HVC),  UPS,  Voltage  unbalance/interruption/sag/swell  compensa¬ 
tion  (UISWC),  UPQC  and  so  on. 

From  the  view  of  detection  approaches  of  compensation 
components,  MFGCIs  can  be  classified  as  shown  in  Fig.  118(d). 
The  auxiliary  functionalities  of  MFGCIs  are  the  essentially  different 
from  conventional  GCIs,  where  the  detection  approaches  of 
compensation  components  are  a  very  important  part  of  the  control 
strategies  of  MFGCIs.  A  detail  comparison  of  different  approaches 
for  compensation  components  detection  is  available  in  Table  46. 
These  approaches  are  suitable  for  MFGCIs  application  in  different 
conditions.  The  available  approaches  can  be  classified  as  two 
categories,  namely  frequency  domain  approaches  and  time 
domain  approaches  [141-143].  DFT-based  algorithms  are  a  typical 
frequency  domain  approaches,  but  these  kinds  of  methods  are 
complex  and  poor  in  dynamic  response  [144].  Therefore,  the 
detection  approaches  in  time  domain  gain  more  and  more  attention. 


These  kinds  of  methods  include  FBD  power  theory  method 
[145,146],  instantaneous  power  theory  (IP)  method  [147,148],  id-iq 
method  [149],  ip-iq  method  [147],  projection  method  [147],  adaptive 
filter  (AF)  method  [150],  Kalman  filter  method  [151  ],  neural  network 
(NN)  method  [152]  and  so  on.  It  should  be  noted  that  the  previously 
mentioned  MFGCIs  mainly  utilized  instantaneous  power  theory  to 
detect  the  harmonic  and  reactive  current  of  load  for  compensating, 
because  it  has  clear  physical  meaning  and  is  easy  implementation 
on  DSP. 

Additionally,  from  the  view  of  the  objective  for  control,  the 
control  strategies  of  MFGCIs  can  also  be  divided  into  two 
categories,  namely  direct  current  control  and  indirect  current 
control  [140].  The  indirect  current  control  can  control  the  grid- 
connected  current  by  the  means  of  voltage  control.  Its  dynamic 
response  is  fast,  but  it  is  sensitive  to  system  parameters,  and 
the  control  approaches  are  inflexible.  Therefore,  the  direct 
current  control  is  paid  more  expectation. 

The  MFGCI  cannot  only  achieve  power  generation  tracking, 
but  also  can  complete  the  reactive,  unbalance,  and  harmonic 
current  compensation.  To  facilitate  the  algorithm  of  reference 
current  generation,  MFGCIs  mainly  take  direct  current  control. 
However,  from  the  view  of  modulation,  all  three  kinds  of 
modulation  methods  have  been  used,  according  to  the  history 
of  modulation  technology.  Table  47  exhibits  a  detailed  compar¬ 
ison  of  different  MFGCIs  topologies. 

From  Table  47,  it  can  be  found  that,  the  control  methods  of 
available  MFGCIs  mainly  utilize  direct  current  PI  control  associated 
with  SPWM  modulation.  As  mentioned  before,  the  hysteresis 
modulation  has  the  drawbacks  of  varied  switching  frequency, 
which  is  not  easy  for  filter  design,  and  may  lead  to  large  current 
THD.  In  addition,  the  SVPWM  modulation  can  enhance  the 
efficiency  of  dc  voltage,  but  it  may  burden  the  controller. 
As  previously  mentioned,  this  paper  has  investigated  the  available 
MFGCI  topologies  in  capacity,  switching  frequency,  auxiliary  func¬ 
tionalities,  and  application  aspects  in  detail.  There  are  interesting 
conclusion  can  be  drawn: 

•  Firstly,  the  available  MFGCIs  are  mainly  experimental  proto¬ 
types,  whose  capacities  are  low,  in  general. 
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Fig.  106.  Positive-sequence  detector  and  voltage  reference  generator. 
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Fig.  107.  Control  strategy  of  the  shunt  inverter,  (a)  Overview  of  the  control  principle  and  (b)  the  voltage  control  of  the  shunt  inverter. 
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Fig.  108.  Configuration  of  the  MFGCI  presented  by  Li  et  al.  (a)  Structure  of  the  UPQC-based  MFGCI  and  (b)  power  electronic  topology  of  the  shunt  and  series  inverter. 


Table  44 

Parameters  of  the  MFGCI  topology  by  Li  et  al. 


Dc-source 

Voltage  of  utility  grid 
Switching  frequency 
Control  strategy 
Extra  functions 


Micro-sources,  voltage  of  dc-bus  700  V 
100  V  (amplitude  of  phase-voltage)/50  Hz 

10  kHz  (sampling  frequency,  5  kHz,  controller  dSPACE  DS1103-TMS320F240) 
PI  control,  proportional  resonant  control,  SPWM  modulation 
Voltage  interruption/sag/harmonic  compensation 


•  Secondly,  the  auxiliary  functionalities  of  MFGCIs  still  need 
exploit.  The  current  compensation  mainly  focuses  on  harmonic, 
reactive,  and  unbalance  components.  Besides,  the  voltage 
compensation  mainly  focuses  on  voltage  sag/swell/ 


interruption.  Harmonic  and  unbalance  compensation  of  utility 
voltage  need  further  investigation. 

•  Thirdly,  the  capacities  of  MFGCIs  in  single-phase  are  small, 
which  are  mainly  implemented  in  PV  grid-connected  systems. 
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a 


Fig.  110.  Control  scheme  for  series  inverter  B.  (a)  General  representation,  (b)  outer  current  loop  in  the  negative  synchronous  frame  and  (c)  inner  voltage  loop. 
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However,  the  capacities  of  MFGCIs  in  three-phase  are  much 
larger  usually,  which  are  utilized  in  middle-  and  large-scale 
wind  and  solar  plants. 

•  At  last,  the  switching  frequency  of  small  capacity  MFGCIs  are 
much  higher  than  the  ones  of  large-capacity  MFGCIs.  Mean¬ 
while,  soft-switching  approaches  are  important  means  to 
enhance  the  efficiency  of  MFGCIs. 

As  mentioned  before,  there  have  many  topologies  and  control 
strategies  of  MFGCIs  been  well  documented  for  different 


Series 


Fig.  111.  Flux-charge  control  scheme  for  series  inverter  B. 


capacities,  application  fields,  and  auxiliary  functionalities,  as  well 
as  a  new  research  field  is  exploited.  However,  the  capacities  of 
existing  MFGCIs  are  generally  small  and  the  auxiliary  functional¬ 
ities  are  still  not  perfect.  Besides,  it  is  hard  to  say  which  topology  is 
better  than  the  others,  and  a  further  work  on  the  topology  theory 
of  MFGCIs  is  essential  necessary.  There  may  be  some  work  frames 
on  MFGCIs  researches  as  follows: 

1.  New  power  electronic  topologies  of  MFGCIs.  It  is  important  to 
build  a  uniform  MFGCI  configuration,  which  can  compensate 
harmonic,  reactive,  and  unbalance  current  in  parallel,  as  well  can 
compensate  harmonic,  unbalance,  and  sag/swell/interruption  vol¬ 
tage  at  the  same  time.  Besides,  the  dc  voltage  of  micro-sources 
should  be  high  enough  to  connect  to  DC/AC  stages  of  existing 
MFGCIs.  Therefore,  a  high  set-up  DC/DC  stage  may  be  needed, 
which  will  increase  the  cost  and  reduce  the  efficiency  of  the 
system.  In  summary,  new  power  electronic  topologies  of  MFGCIs 
should  be  an  encouraging  research  field. 

2.  The  application  of  MFGCIs  for  industrial  power  electric  system. 
The  capacity  of  existing  MFGCIs  is  small,  and  it  should  promote 
the  experimental  prototype  for  industrial  application.  Simulta¬ 
neously,  some  multi-level  topologies,  structures  in  parallel  and/ 
or  series  should  be  employed  to  enhance  the  current  and 
voltage  capacity  of  MFGCIs. 

3.  Soft-switching  technology  and  efficiency  enhancement. 
The  power  loss  and  heat  are  very  important  issues  for  the 


a 

Grid 


Grid 


Fig.  112.  Configuration  of  the  MFGCI  presented  by  Wang  et  al.  (a)  Basic  schematic  diagram,  (b)  a  micro-grid  consists  of  the  MFGCI  and  (c)  a  detailed  diagram  of  the  MFGCI. 
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Table  45 

Parameters  of  the  single-phase  full-bridge  MFGCI  presented  by  Wang  et  al. 


Dc  source 

The  voltage  of  dc-link  is  Vdc=750  V 

Utility  voltage 

230  V/50  Hz 

Passive 

Zg=2  mH,  1=1.8  mH,  Ln  =  0.67  mH,  C=4400  pF, 

components 

Lg=  1.6  mH,  Tn  =1:1 

Switching 

16  kHz 

frequency 

Control  strategy 

PR  and  PI  control,  SPWM  modulation 

Extra  functions 

UPQC 

Fig.  113.  Scheme  diagram  of  the  MFGCI  presented  by  Wang  et  al.  (a)  Overview  of  the  controller  of  parallel  converter,  (b)  diagram  of  the  controller  of  parallel  converter 
in  detail,  (c)  schematic  diagram  of  the  controller  of  series  converter  and  (d)  detailed  block  diagram  of  the  controller  of  series  converter. 


Z.  Zeng  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  24  (2013)  223-270 


265 


Fig.  115.  Circuit  model  and  control  strategy  of  the  MFGCI  studied  by  Yu  et  al.  (a)  The  equivalent  circuit  of  the  whole  system  under  normal  operation  condition  and  (b)  control 
scheme  of  MFGCI. 


Fig.  116.  Equivalent  circuit  of  the  whole  system  under  EPS  sag/swell  condition  and  corresponding  cascaded  voltage,  (a)  Circuit  model  and  (b)  control  principle. 


3  Equivalent  Circuit  for  Islanding  Mode 


Fig.  117.  Control  scheme  for  the  shunt  connected  converter,  (a)  The  equivalent  circuit  and  (b)  the  control  scheme  under  islanded  mode. 


reliability  and  efficiency  of  a  MFGCI.  The  soft-switching  technol¬ 
ogy  can  greatly  improve  these  features.  However,  the  existing 
MFGCIs  seldom  consider  such  issues. 

4.  Novel  control  strategies  should  be  exploited.  As  the  develop¬ 
ment  of  control  theory  and  technology,  the  control  strategies  of 
MFGCIs  have  covered  hysteresis,  SPWM,  and  SVPWM  modula¬ 
tion;  however,  the  commonly  used  approach  is  SPWM  mod¬ 
ulation  with  PI  controller.  To  obtain  better  performance  on 


steady  and  dynamic  operation  of  MFGCIs,  some  advanced 
control  strategies  such  as  LQR,  robust  control,  and  feedback 
linearization  control  should  be  discussed.  Besides,  a  DGS  and 
MG  may  contain  a  lot  of  MFGCIs,  so  the  coordination  control  of 
MFGCIs  is  a  very  significant  scenario. 

5.  The  stability  of  MFGCIs  in  a  DGS  or  MG.  There  may  be  many 
MFGCIs  and  conventional  GCIs  in  a  DGS  or  MG,  which  might 
weaken  the  stability  performance  of  DGS  or  MG  to  immunize 
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Fig.  118.  Several  categories  of  MFGCIs  in  different  considerations,  (a)  Utility-based  classification  of  MFGCIs,  (b)  classification  of  MFGCIs  based  on  modulation  and  control 
approaches,  (c)  classification  of  MFGCIs  based  on  auxiliary  services  and  (d)  classification  of  MFGCIs  based  on  the  methods  of  compensation  components  detection. 


Table  46 

Detailed  comparisons  of  different  approaches  to  detect  compensation  current. 


Algorithm 

Frequency  domain 

DFT 

Time  domain 

IP 

id  iq 

Ip  Ip 

Projection 

FBD 

AF 

Kalman 

NN 

Easy  or  not 

X 

V 

V 

V 

V 

V 

X 

X 

X 

Single-phase  application  or  not 

V 

X 

X 

X 

X 

X 

V 

V 

V 

Need  PLL  or  not 

X 

X 

V 

X 

X 

X 

X 

X 

X 

Table  47 

Comparisons  of  multi-functional  grid-inverter  topologies. 


Utility 

Author 

Topology 

Current  mode 

Modulation/ 

Capacity 

Switching 

Extra  functions 

Application 

control 

frequency  (kHz) 

Single-phase 

Kuo  et  al.  [56] 

Full-bridge 

Direct 

SPWM/PI 

<1.5  kVA 

20 

APF 

PV 

Wu  et  al.  [57] 

Full-bridge 

Direct 

SPWM/PI 

<1.5  kVA 

20 

APF 

PV 

Wu  et  al.  [62] 

Full-bridge 

Direct 

SPWM/PI 

1  kVA 

19.45 

APF,  PFC 

PV 

Sladic  et  al.  [63] 

Full-bridge 

Direct 

Hysteresis 

- 

15 

APF 

PV 

Calleja  and  Jimenez 

Full-bridge 

Direct 

Hysteresis 

1  kVA 

14.2 

APF,  RPI 

PV 

[65] 

Seo  et  al.  [66] 

Full-bridge 

Direct 

SPWM/PI 

3  kVA 

20 

APF 

PV 

Wu  and  Shen  [67] 

Full-bridge 

Direct 

SPWM/PI 

1  kVA 

25 

APF 

PV 

Wu  et  al.  [68] 

Half-bridge 

Direct 

SPWM/PI 

<1.5  kVA 

20 

APF 

PV 

Patidar  et  al.  [70] 

Full-bridge 

Direct 

Hysteresis/PI 

1.2  kVA 

25 

APF 

PV 

Hirachi  et  al.  [71  ] 

Full-bridge 

Direct 

SPWM/PI 

3  kVA 

- 

APF 

PV 

Dasgupta  et  al.  [72] 

Full-bridge 

Direct 

SPWM/Lyapunov 

- 

10 

APF 

Micro-source 

Chiang  et  al.  [73] 

Full-bridge 

Direct 

SPWM/PI 

<1  kVA 

- 

APF,  UPS 

PV 

Bojoi  et  al.  [74] 

Full-bridge 

Direct 

SPWM/repetitive 

4  kVA 

10 

APF,  PFC 

Micro-source 

Cirrincione  et  al.  [76] 

Full-bridge 

Direct 

SPWM/PR 

- 

15 

APF 

PV 

Macken  et  al.  [77] 

Full-bridge 

Direct 

SPWM/PI 

1  kVA 

- 

APF 

PV 

Hosseini  et  al.  [78] 

Two-boost 

Indirect 

SPWM/PI 

<3  kVA 

20 

DVR,  PFC 

PV 

Mastromauro  et  al. 

Full-bridge 

Direct 

SPWM/repetitive 

1.2  kVA 

20 

DVR,  HVC 

PV 

[79] 

Dasgupta  et  al.  [82] 

Full-bridge 

Indirect 

SPWM/repetitive 

10 

DVR,  HVC 

PV 

Lin  and  Yang  [83] 

Three-leg 

Direct 

SPWM/PI 

1.5  kVA 

20 

UPQC 

PV 

Kuo.  [85] 

Three-leg 

Direct 

SPWM/PI 

1  kVA 

18 

APF 

PV 

Souza  et  al.  [86] 

HB  ZVS 

Direct 

SPWM/PI 

1  kVA 

100/10 

APF 

PV 

Three-phase 

Wu  et  al.  [89] 

H-bridge 

Direct 

SPWM/PI 

1.1  kVA 

20 

APF 

PV 

He  et  al.  [91  ] 

Full-bridge 

Direct 

SPWM/repetitive 

5  kVA 

- 

APF 

Micro-source 

Yu  et  al.  [93] 

H-bridge 

Direct 

SPWM/PI 

10  kVA 

- 

APF,  RPI 

Micro-source 

Kim  et  al.  [94] 

H-bridge 

Direct 

Hysteresis 

- 

20 

APF 

PV 

Dasgupta  et  al.  [95] 

H-bridge 

Direct 

SPWM/Lyapunov 

75  VA 

- 

APF 

Micro-source 

Cheng  et  al.  [97] 

H-bridge 

- 

- 

5  kVA 

- 

PFC,  UPS 

PV 

Naderi  et  al.  [98] 

H-bridge 

Direct 

Hysteresis 

- 

- 

APF,  RPI 

Micro-source 

H-bridge 

Direct 

Hysteresis 

150  kVA 

- 

APF 

Battery 
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Table  47  ( continued ) 


Utility 

Author 

Topology 

Current  mode 

Modulation/ 

control 

Capacity 

Switching 
frequency  (kHz) 

Extra  functions 

Application 

Mohod  and  Aware 
[99] 

Marei  et  al.  [100] 

H-bridge 

Direct 

SPWM/FLC,  PI 

- 

- 

APF 

Micro-source 

Cheng  et  al.  [102] 

H-bridge 

Direct 

SPWM/droop 

control 

1  kVA 

20 

UC 

Micro-source 

Lv  et  al.  [103] 

H-bridge 

Direct 

SPWM/PI 

400  kVA 

12.8 

APF 

Micro-source 

Mohamed  and 
Saadany  [105] 

H-bridge 

Indirect 

SPWM/VSC 

— 

6.7 

DVR 

Micro-source 

Saitou  and  Shimizu 
[107] 

H-bridge 

Direct 

SPWM/PI 

— 

15 

RPI 

Battery 

Chandhaket  et  al. 
[108] 

H-bridge 

Direct 

SPWM/PI 

20  kVA 

— 

PWM  rectifier, 
APF 

Battery 

Abolhassani  et  al. 
[112] 

H-bridge 

Direct 

SPWM/PI 

7.5  kVA 

— 

APF 

DFIG 

Gajanayake  et  al. 

[115] 

ZVI 

Direct 

SVPWM/PI 

1  kVA 

— 

APF 

Micro-source 

Tsengenes  and 
Adamidis  [116] 

Three-level  NPC 

Direct 

SVPWM/PI 

— 

— 

APF 

PV 

Sawant  and 
Chandorkar  [117] 

Four-bridge 

Direct 

3D-SVPWM 

— 

10 

APF,  UC 

PMSG 

Wang  et  al.  [119] 

Four-bridge 

Direct 

SPWM/PI 

1  kVA 

10 

APF 

PV 

Pinto  et  al.  [121  ] 

Four-bridge 

Direct 

- 

- 

- 

APF,  UC 

Micro-source 

Majumder  et  al.  [122] 

Full-bridge 

Direct 

Hysteresis/LQR 

- 

- 

APF,  UC 

Micro-source 

Chen  et  al.  [17] 

H-bridge 

Direct 

SPWM/PI 

- 

3.15 

APF,  UC 

PMSG 

Han  et  al.  [124] 

H-bridge 

Direct 

SPWM/PI 

30  kVA 

10 

APF,  ISWC 

WT 

Li  et  al.  [125] 

Four-bridge 

Direct 

SPWM/PI 

- 

10 

ISWC 

Micro-source 

Wang  et  al.  [127] 

Four-bridge 

Direct 

SPWM/PI,  PR 

- 

16 

UPQC 

Micro-source 

Yu  and 

Khambadkone  [129] 

Four-bridge 

Direct 

SPWM/PI 

ISWC,  APF 

Micro-source 

disturbance.  How  to  analyze,  judge,  and  control  the  stability  of  DGS 
or  MG  need  further  work. 

7.  Conclusion 

Recently,  GCIs  have  caught  common  attention  as  important 
components  of  DGSs  and  MGs,  due  to  the  deeply  research  on 
DGS  and  MG  to  make  better  use  of  RESs.  To  enhance  the  cost- 
effective  of  GCIs  and  the  power  quality  of  DGSs  and  MGs,  a  new 
and  encouraging  field  on  MFGCIs  is  exploited.  In  this  paper,  a 
comprehensive  review  on  the  topologies  and  control  strategies 
of  MFGCIs  are  achieved.  Additionally,  detailed  analysis,  compar¬ 
ison,  and  discussion  on  the  existing  MFGCIs  are  investigated. 
Besides,  some  interesting  frames  for  further  work  are  summar¬ 
ized.  It  is  expected  that  this  review  will  be  a  helpful  reference  on 
MFGCIs  for  the  researchers,  engineers,  manufacturers,  and  users 
concerning  GCIs. 
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